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FOREWORD 
- 
This is IITRI Report No. C6233-57, the Final Report on NASA 
Contract No. NAS8-26791, "Development of Space-Stable Thermal 
Control Coatings for Use on Large Space Vehicles." It stimmarizes 
the work and accomplishmencs of IITRI Project No. C6233 spanning 
the period from Jan. 4, 1971 to Nov. 1, 1975. 
During the course of this program many people contributed to 
its achievements. We acknowledge the following individuals and 
their contrihutjons. The Froject Leader was Mr. J.E. Gilligan, who 
also acted as Principal Investigator in the Environmental Test 
studies; Mr. Y. Harada was Principal Investigator for the Pigmenc 
Developnent activities. Dr. C. Giori was responsible for the sili- 
cone resin improvement efforts. Responsibility for preparation, 
characterization, and engineering evaluation of coatings rested 
with Mr. F. 0. Rogers. Assis ti11g the above senior contributors 
were Dr. h.A.  Ashford and Mr. F.A. Jarke in EPR investigations; 
Mr. W.R. Logan, E.J. Onesto and R. Steuhner, pigment preparation; 
Ms. Donna Mathe, pigment x-ray evaluations; Mr. R.M. Leas, stripp- . , 
able coatings and general paint studies; and Mr. T. Yamauchi, ex- ,- 
! perimental polymer synthesis. Messrs R.F. Boutin, P. Mencinskas, 
I A. Lackland and J.E. Brzuskiewicz operated the irradiation facilities, made spectral reflectance measurements and performed many other j important experimental tasks. We acknowledge the services of 
Mr. G.A. Zerlaut, initially, as Manager of the Polymer Chemistry 
Section for adrniriistrative management and, later, as a technical 
consultant; and the services of Dr. A.M. Stake for administrative 
guidance. 
We are pleased to recognize the highly valuable ~ssistance 
of Mr. D.W. Gates, who represented the National Aeronautics and 
Space Administration as the NASA Program Manager and as the Con- 
tracting Officer's Technical Representative. We are especially in- 
debted to Mr. Gates for performing the extensive SEM investiga- 
tions of Zn Ti04 pigments. The advice and counsel of Messrs. 
W. F. ~arrol? of the Jet Propulsion Laboratory and of Mr. D.R. Wilkes 
of the Marshall Space Flight Center are also acknowledged and 
appreciated. Mr. B.G. Achh~wner of the office of Advanced Science 
and Technoiog~- (NASA-HQ) also provided valuable assistance. 
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1.0 INTRODUCTION 
Early in the history of Space Technology, space vehicle de- 
signers recognized the importance of thermal control. The per- 
formance or function of temperature-sensitive components, if per- 
mitted to transgress their individual operating temperature limits, 
might sertously jeopardize a vehicle's mission. Approaches to 
effective temperature control involve pri-~arily both materials se- 
lection, and systems considerations. In the materials approach 
the absorption of solar energy is determined, as is the thermal 
emission, by the radiative properties of the surface of materials 
selected. The latter approaches, in general, accomplish temperature 
control by optimum location cf components with respect to one 
another and to the solar vector. Overall thermal control is achieved 
by regulation of absorbed solar energy and of thermal energy radiated 
to space. 
In this report we piill present the R&D accomplishments of 
a program initiated i i ~  early 1971 to develop stable thermal con- 
trol coatings for large space vehicles. To place it in context 
let us first describe the relatiolship and utility of this work 
to the field of spacecraft thermal control. Among the first 
documents to treat the overall problem of spacecraft thermal con- 
trol were those authored by Gamer and McKellar (ref. 1) and by 
Heller (ref. 2). Many papers and reports (e.g. ref's 3-8) which 
succeeded these first two indicate the role of the properties 
a (solar absorptaqce) and E (thermal emittance). S 
Indeed, it is of interest that the importance of these pro- 
perties in controlling local spacecraft surface temperatures has 
been demonstrated in various arguments from the simple to the 
most elegant and elaborate (e.g., ref. 3) with the same conclusion: 
I l l  R E S E A R C H  I N S T I T U T E  
The properties as and E are the primary materials factors 
in spacecraft temperature control. A simple developn,,tnt of the 
relationship between their ratio (aS/€) and temperature proceeds 
from an analysis of the energy balance on a flat plate oriented 
normal to the solar vector in the space environment (where con- 
vection is totally absent). Thus, if a .E is the rat2 of solar 
S4 s 
energy absorption per unit area and 2caT 1s the rate of thermal 
emission per unit area (the plate absorbs on one side but emits 
from both sides), then, assuming equilibrium (i.e., m y  dT/d0 = 
Apart from small cyclic variations the term (Es/20) is a constant 
at the earth's distance from the sun,i.e. at 1 A.U. Es is the 
solar flux (at 1 A.U.) and a is the Stefan-Boltzmann constant. 
The importance of as and E can be understood from some elementary 
considerations of spacecraft heat transfer. In eq. 2 we set cut 
the basic heat balance for a spacecraft: 
where I. energy absorbed and the subscripts S, A, I and E refer, 
respectively, to solar, earth albedo, internal spacecraft power, 
and to earth shine (thermal emission). These terms are general 
and do not indicate the relative contribution of each to the total 
heat balance. However, since there is only one dissipation term, 
4 AEOT , and since the f:inetions of most spacecraft involve sub- 
stantial auxiliary Dower requirements, tht absorptancn of radiant 
er,Zrgy (in this case primarily solar) must be minimized. The 
prime purpose of a low as/& surface is to decrease the dependence 
on a temperature-sensitive energy dissipation mechanism. 
1 I T  R E S E A R C H  I N S T I T U T E  
Traditionally, materials have been classified according to 
their respective as/€ ratios, and four general classes have been 
identified (refs. 1,4). Figure 1 illustrates these classes, snows 
their relationship to one another and gives some exmples of 
typical materials within each. The figure, unfortunately, does 
not: portray the considerably greater emphasis in research and 
development focussed on low zS/€ systems or their generally greater 
overall utility in practical aqplications. 
H a v i n ~  briefly established a perspective ~zgarding relation- 
ships between classes of thermal control (TC) surfaces, we can 
now discuss the one all-important requirement of all TC surfaces, 
viz., optical stability. The usefulness of a material or a sys- 
tem of materials in any particular spacecraft appllcat' on cannot 
be determined solely on the basis of meeting specific a !E require- 
s 
Sents. In ;he total environment to which the spacecraft will be 
exposed, low a / E  materials must also retain their initial optical 
S 
properties during the course of the mission. They must not de- 
grade through radiation interactions nor suffer physical changes 
which cause catastrophic failures (e.g., through delamination). 
While there is an abundance of materials with low as/& ratio, 
very few have been shown to be stable (refs. 5-8). Fewer yet are 
intrinsically stable and, of those that are, other considerations 
generally deny or limit their practical use. Fused silica, for 
example, is intrinsically stable to ultraviolet (UV) radiation 
when in sheet or slab form, making its use not only costly but 
very cumbersome. (In powder form (ref. 9-10) it is grossly un- 
stable). Stability ranks in most applications as the foremost 
consideration in materials selection; outsassing, difficulty of 
application, cleanability, cost and similar considerations are 
of somewhat lesser consequence, with some individual exceptions. 
I I T  R E S E A R C H  I N S T I T U T E  
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Designers prefer solar reflector surfaces with the lowest 
a / E  ratio, since such materials provide a greater tolerance ia 
S 
the thermal balance. But they must also be stable in order to 
maintain a reasonable tolerance during the mission. Experience 
provides two important considerations in their selection. First, 
stability tends to be more difficult or costly to achieve with 
decreasing as/€ ratio. This is because low as requires low in- 
trinsic absorption, whJ-h in turn reqcires low levels of im- 
purities, and very few materials are sufficiently pure or able 
to be made so. Furthermore, the optical effect of induced de- 
fects (color centers) increases with increasing transparency. 
Second, as as decreases, the effect of a unit change in a be- 
S 
comes larger, i.e., Aa la will be more important,the lower as 
S S 
is- We note that in general the emittance of a dielectric material 
is stable; from experience we know that solar absorptance, how- 
ever, is subject to environmental degradation. 
These aims have provided the impetus for obtaining materials 
with ultra-low as/€ ratio and with long-term optical stability. 
From a practical point of view, the ideal solar reflector material 
should be a spray paint because of its adaptability to "real" 
spacecraft surfaces. Unfortunately, ready-to-use paint systems 
with very low as/€ ratios and ultra-stability have not been 
developed, at least not with their full theoretical capability. 
A spacecraft paint system is an tncredibly complex mixture 
of materials. In succeeding pages the nature and depth of this 
complexity will be explored and analyzed with almost singular 
concentration on zinc orthotitanate pigment and the silicone paint 
systems incorporating them. 
In introducing this report we have indicated the principal 
requirements to which programs such as this one are addressed, 
along with some brief historica1,but rele~ant~notes. Most re- 
searchers will appreciate the fact of continually changing 
I I T  R E S E A R C r t  I N S T I T U T E  
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requirements in such efforts and also that research is a step- 
by-step process in which any given step almost always depends 
on the results of the one which preceded it. In subsequent sec- 
tions we will provide detailed technical background so that the 
program's objectives and the approaches will, in 1i:ht of these 
remarks, be also better appreciated. 
1.1 TZCYNICAL BACKGROUND 
--- --- 
In very general, engineering terms we will develop the 
technical background which begins with definitions of program 
requirements, indicates the theoretical approaches to the develop- 
ment of materials satisfying t-lem, briefly describes IITRI's pre- 
vious experience in similar programs and then outlines the program 
goals. The latter, again in general terms, follow logically 
from determinations of what we want, theoretical ideas of how to 
get there, where we are and a set of milestones defining how we 
get there from here. 
1.1.1 Low a /E Rauirernents 
S-- ---
The immediate engineering/applicatic..s objective of this 
program is the attainment of surface coatings with low  as/^ 
ratio stable in the space environment. The term "stable" refers, 
ideally, to a zero time rate of change of solar absorptance and 
infrared emittance, and in this sense connotes zero "degradation" 
The concept of stability will be treated in great detail in later 
discussions. 
A low as/€ surface is one which predominantly reflects solar 
energy and which absorbs (emits) thermal energy strongly. For an 
exact definition and clear understanding of the term "solar ab- 
sorptance", as, it is defined as follows: 
I l l  R E S E A R C H  I N S T I T U T E  
where 
OIX 
= Spectral absorption coefficient at wavelength X 
2 
Es, A = Spectral solar energy flux (wattslcm -p) in a 
wavelength region dA about the wavelength A. 
Emittance, E ,  is defined as the fraction of thermal energy 
emitted by a real surface compared to that emitted by a black- 
body at the same temperature and under the same conditions. It 
is defined similarly to eq. 3: 
I Q) 
0 
In reality both as and E are defined by the relaticnship: 
(l-~~). E (A) - dA 
a E =  S -----, 
S' 
JWE (A) .dX 
0 s 
RA = spectral reflectance i~ the appropriate spectral region. 
Es = Eb,h in the solar spectrum, and 
= c ~ A - ~  [exp(C2/AT) - 11-I (Planck's Law) in the thermal 
spectrum. 
Since Es (A) is not a mat>ematically tractable function, a is 
S 
calculated in practice from the formula: 
Thus, the solar spectrum is divided into fifty (50) equal energy 
increments (of 0.02 solar constants each). The average reflectance 
in each wavelength i~terval containing 0.02 solar cunstant is 
subtracted from uni ty and i5e product wich 0.02 is  tabulated.  
The subs t i tu t ion  of (1-RA) requires  of course, tha t  the mater ial  
be opaque a t  a l l  these same appropriate wavelengths. Appendix 1 
i s  an example of the procedure f o r  reducing raw spec t ra l  ref lectance 
data  t o  as. 
1.1.2 Basic Amroaches. --
A low a s / €  surface can be rea l ized  i n  several  fundamentally 
d i f f e ren t  ways, only two of which a re  p rac t i ca l .  The simplest 
approach employs the p r i n c i p l t  of sca t t e r ing  i n  a non-absorbing 
d i e l e c t r i c  medium t o  achieve high so la r  re f lec tance .  In  another 
approach, - second surface - mirrors - (SSMs) , low a s / €  i s  obtained 
by overcoating a so la r  r e f l e c t i v e  subs;rate (a  metal) with a 
transparent d i e l e c t r i c .  Nearly a l l  e f f o r t s  t o  develop low aS/E 
systems have taken one or  the other  of these two approaches. 
Both, of course, possess unique advantages and disadvantages. 
The most common SSMs a re  fused s i l i c a  and t e f lon  (FEP), on which 
a th in  f i lm of e i t h e r  Ag o r  A 1  has been deposited and over which 
a corrosion protect ive layer may sometimes be applied.  The re-  
su l t ing  "laminate" i s  then applied t o  a vehicle  subs t ra t e  using 
an appropriate adhesive ( r e f .  11). 
In  a sense the program e f f o r t s  we describe were d i rec ted  
a t  the development of a second-generation paint  system, the 
achievement of a major improvernenc i n  so la r  ref lectance as  wel l  
as  s o l a r  ref lectance s t a b i l i t y .  Although t o  date we have not  
developed zinc or thot i tana te  pa in ts  t o  a "NASA Specification" 
s t a t u s ,  the potent ia l  f o r  ?thieving as values below 0 . 1  and 
E values above 0.92 i n  such systems and s t a b i l i t i e s  of Aas = 
0.05 i n  10 years a t  low ea r th  a l t i t u d e s  has been demonstrated. 
1 . 2  SUI-lMARY OF PREVIOUS PROGRAM RESULTS 
------- 
IITRZ has had a number of programs ( r e f s .  1 2 ,  13) leading 
to  the development of s t a b l e  low a s / €  paint  systems. In  one of 
the e a r l i e s t  of these programs ( r e f .  1 2 )  the basic  S-13 formula 
was developed consis t ing of New Jersey Zinc Co. SP-500 zinc oxide 
in General-Electric Co. LTV602 methyl silicone elastomer. In 
1965 the in-situ vacuum effect was discovered (ref. 14), and S-13 
and many other paint systems were shown to be unstable (ref. 15). 
The discovery that reflectance changes induced by W in vacuo were 
in most cases bleached by exposure to O2 (as happened in simulation 
facilities prior to 1965) drastically revolutionized the evalua- 
tion procedures employed from that time hence (ref. 14.). 
IITRI developed the IRIF (In-Situ Reflectance/Irradiation 
Facility), in which the spectral reflectance of specimens can 
be measured in the same high vacuum before and after UV irradia- 
tion without interrupting that vacuum; oxygen bleaching effects 
were thus eliminated. In this same program S-13G was stabilized 
by encapsulating the SP-500 ZnO pigment in potassium silicate 
(Sylvania Electric Co. No. PS-7). The process was developed on 
an engineering basis under NASA-JPL sponsorship (ref. 16). The 
paint system was re-designated S-13G; in the meantime G.E. Co. 
also re-named their product LTV602 as RTV602. Thus the composi- 
tion of S-13G became Zn0:K2Si03/RTV602. (This notation will be 
explained in detail in a later section). S-13G becarrtc a "work- 
horse" paint system; it has been used extensively on NASA and. 
USAF satellites and aiao on European Satellites. 
In 1971 IITRI initiated extensive efforts under a NASA 
program (ref. 17) to develop an ultra-low.as/c, ultra-stable 
paint system. R&D previous to this new program (ref. 13) 
indicated that zinc orthotitanate, Zn7Ti04, had excellent 
- 
potential. It was recognized at the same time that, even though 
RTV602 was the most stable (to UV) of the commercial silicones, 
it would not be compatible, optically; its relatively high in- 
dex of refraction (-1.6) tends to lower solar reflectance. 
Accordingly, we initiated a search for commercial vehicles with 
high W stability, high pigment binding poTter and low index of 
refraction. A product marketed by Owens-Illinois of Toledo, Ohio, 
known a s  01-650 "Glass Resin", was found t o  meet most of these  
requirements. This product ,  i n  f a c t ,  i s  s imi l a r  t o  t h e  s t a b l e  
s i l i c o n e  r e s i n s  synthesized a t  I I T R I  ( r e f .  18) .  
I I T R I ' s  experience wi th  severa l  previous programs con- 
sequently provided extensive  technological  background, a  number 
of meter ia l s  candidates which exhib i ted  exce l l en t  app l i ca t ion  
p o t e n t i a l ,  and equal ly  importantly,  t he  f a c i l i t i e s ,  procedures 
and methods f o r  conaucting and evaluat ing space s imulat ion tests 
of these  me te r i a l s .  These then a r e  the  accomplishments of pre-  
vious programs which have d i r e c t l y  supported our z inc  o r t h o t i t a -  
n a t e  development e f f o r t s .  The f i r s t  phase of t h i s  work - the  
previous program - concentrated 7r imar i ly  on the  development of 
Zn2Ti04 pigme.1~ via s o l i d  s t a t e  r eac t ion  of DuPont's FF anatase  
t i t a n i a  with New Jersey  Zinc Co's 5P-500 zir,c oxide.  The " so l id  
s t a t e "  s tud ie s  have been f u l l y  docu~en ted  i n  r e f .  19. In  t h i s  
r epo r t  we deal  with the  continued R&3 e f f o r t s  beyond the  s o l i d  
s t a t e  s tud i e s .  We w i l l ,  hobever, not  summarize here  the  accomplish- 
ments of the  " so l id  s t a t e "  s t u d i e s  ( r e f .  19) .  Since many of 
them i n t e r f a c e  d i r e c t l y  and in t imate ly  wi th  the  presen t  program, 
they w i l l  be discussed f requent ly  with respec t  t o  the  oxa l a t e  
method f o r  producing z inc  o r t h o t i t a n a t e  Drecursors. 
The u l t imate  goal of the  progran i s  t o  produce a  spec i f i ca -  
t i o n  def ining the  processes and ccildi t ions f o r  t h e  preparat ion 
of z ioc  o r t h o t i t a n a t e  pigment, the  pa in t  b inder ,  and of the  pa in t  
i t s e l f .  This u l t imate  goal. implies o he Lev3lopment of d e f i n i t i v e  
processes with se l f -cons i s - sn t  production con t ro l s  and with 
s u f f i c i e n t l y  reproducible products ,  c m p l e t i o n  of sho r t  and long 
term space simulati.on s tud ie s  , development of app l icab le  pa in t  
engineering da t a ,  measurement of outgass ing/contm, inat ion pro- 
p e r t i e s  and a l l  o thers  which a f f e c t  the  s e l e c t i o n  of the  coat ing 
o r  the  manner of i t s  u s e .  
To be sodewhat more specific our program goals are Fre- 
dicated upor1 the achievement and demonstration of the following 
objectives: 
Basic low us a d  high c properties of the pigment. 
- 
Stable as of the pigment; viz. , AaS ~ 0 . 0 2  in lo5 ESH. 
Effectiveness of protective encaps~lant for pigment 
(if necessary). 
Intrinsic optical stability of paint binder. 
Physical compatibility of pigment and binder. 
Photolytic compatibility of pigment and binder. 
Long term W stability of Zn,Ti04 paint systems 
L 
Selection of baseline paint systems. 
Long term UV testing of baseline paint systems. 
Selection of specification paint system. 
Pull engineering characterization of specification 
paint system. 
Publication of properties, performance and characteristics 
of specification paint system. 
Delivery of specification paint system in gallon quantities 
to demonstrate large scale output capabilities of pigment, 
binder 2nd paint production processes. 
The above objectives also reflect the chronolcgical milestones 
of a i ~ ~ ~ i c a l  developmcnhlan. 
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2.0 TECHNICAL DISCUSSIONS 
-- -
2.1 LOW a / E SURFACES S-- 
2.1.1 General Qualities 
Although no particular intrinsic value resides in the 
classification of low as/€ systems, for comparison and for 
the sake of discussion they may be grouped in three categories: 
A: aS/c>O.25; B: 0.1<as/~<0.25; and C: as/&<O.l 
Category A materials are, for the most part, environmentally 
unstable but are comercially available or can be obtained by 
appropriate blending of commercial materials. Categcry B materials 
are specially developed materials such as IITRI's S-13G and 2-93, 
which are covered by NASA Specifications (refs.2.1-2). Category C 
materials presently available are second surface mirrors (SSMs), 
transparent dielectric films the rear sides of which are coated 
with a vapor deposited metal (e. g. , Ag, Al) (refs.2.3-4) ; they are 
usually difficult to apply and are limited to substrate surfaces 
which are relatively contourless or have o ~ l y  one radius of curva- 
ture. The lack of a pai~t system in category C provides the 
justification and incentive for developing zinc orthotitanate 
paint systems; comparatively, a paint in this category should 
not only be significantly less expensive but unrestricted in 
application as far as substrate contours are concerned. There 
are, however, other important differences between paints and 
SSM's, e.g., thickness dependence, specularity, outgassing 
characteristics and adherence to substrates. For paint coatings 
OLs tends to decrease with thickness and for SSM's to increase. 
Paints are usually highly diffuse, while the 2SM's tend to retain 
much of the specularity, in the solar regime, of the reflective 
metal. The outgassing characteristics of paints usually reflect 
those of the binder; in SSM's especially the glass types, out- 
gassing is nil, except for the adhesives used to mount them. 
2.1.2 Optical -Requirements 
Optical requirements of Category C naterials have already 
been stated in terms of the as/€ ratio. For as/€ to be less 
than 0.1with E ~0.92, as must therefore not exceed 0.09. Measure- 
ments of some early experimental zinc orthotitanate systems have 
shown values of 0.085/0.94 (~0.03). In the near earth extra- 
terrestrial solar intensity spectrum approximately 94% of the 
sun's energy lies between 325nm (0.325~) and 2600nm (2.6~). 
Accordingly for a paint system to have an us ~0.10 it must have 
a diffuse spectral reflectance averaging greater than 90% over 
this spectral range. (As will be seen, many zf.nc orthotitanate 
specimens exhibit spectral reflectance values exceeding 95% over 
a major portion of this range). In Figure 2.1 is a comparison 
of the spectra of ZnO and Zn2Ti04 in the 300-2600nm region. Note 
that both have very high visible reflectance values, but that 
ZnqTi04 excels in two important ways: it has a UV cut-off at a 
shorter wavelength, and, because we can adjust its particle size, 
it has greater infrared reflectance. 
Wavelength 
Most dielectrics are strong absorbers (and thus emitters). In 
stating the optical requirements for the paint systems, we must 
also indicate how they translate to required properties of the 
paint components. Physically, we are dealing with a two com- 
ponent system: a pigment dispersed homogeneously in a binder. 
For maximum solar reflectance the pigment should have a particle 
size distribution which possesses maximum light scattering 
effectiveness in the solar spectrum. The pigment must be in- 
trinsically transparent - as non-absorbing (i.e., uncolored) - 
in the solar spectrum as possible. The solar transparency re- 
quirement is equally, if not more, important in the case of the 
binder; additionally, the binder shoald have a low value of the 
refractive index. 
2.1.3 Physical Requirements 
--
Separating the paint system again into its two major com- 
ponents we can outline their respective physical requirements. 
Table 2.1 lists some of their more desirable properties. 
The context in which each of these properties is important 
can vary greatly depending upon the criteria of performance. 
Many of the so-called "requirements" listed are r-ot peculiar to 
each category; thus, particle size is an important consideration 
from a physical point of view, because of dispersion requirements, 
as well as from an optical point of view, because of light scatter- 
ing characteristics. 
2.1.4 A~lication Requirements 
In its broadest sense, the term application covers a 
multiplicity of practical requirements ranging trom thoroughness 
of substrate preparation, to curing conditions, and to cost. It 
is not possible to quantify all of these considerations, much 
less use them directly in the formulation of paint systems. Ease 
of application, another general requirement, implies achievement 
of an effective coating without the necessity for complicated or 
.- . 
unusual procedures. Ideally, a paint system could bc applied 
as a single, air-curing coat to any substrate without the 
necessity for any prior surface preparation or primer. 
Table 2-1 
Requirements -- for Physical Properties of - Paint Components 
Pigment 
- --
High melting point* 
Optimum particle size (distribution) 
High index of refraction 
Crushable/ grindab le 
Stable in highly divided form 
Insolubility 
Binder-wettable 
Binder 
Film-forming capability 
Pigmentable 
Adherence (with primers, if necessary) 
High melting/decomposition temperature* 
High softening temperature* 
Forms impervious, flexible films* 
'knot necessary but desirable and useful 
Since every experimental coating must be applied to test 
coupons for optical measurements, ultraviolet irradiation or 
similar tests, a substantial amount of experience is thus gene- 
rated in so doing. In almost every instance substrate preparation 
is the most important preliminary requirement. When primers are 
required, their application will be critical. 
Without exception the paints developed in this program have 
been formulated for spray application, rather than for brush or 
other methods. The wide range of individual tastes and practices 
in paint application make it mandatory that the viscosity of 
paint formu;ations be readily modifiable by addition of appropriate 
thinners to achieve  referred consistencies. 
Whether or not a TC material will indeed be used in space- 
craft applications depends strongly upon many practical considera- 
tions. Generally, it nust be compatible with and adhere to a 
variety of substrates, be applied with reasonable ease and be 
cost-effective. Adherence is frequently very difficult to achieve, 
and primers or adhesion prornocers are required in addition to 
careful substrate surface preparation procedur.2~. 
Cost may be the ultimate criterion of practicality, since 
m a y  aspects of practi-cality are,at least theoretically, reducible 
to cost - either in terms of direct application costs or in- 
directly in terms of reduced mission performance. Although it 
would seem that the practicality of 3 TC material could be ex- 
pressed quantitatively, on a unit area basis as, for example, 
$/aS or $ / ( P O  IESH), such indices fail to account for tho myriad 
S 
of other important practical and technical requirements, some of 
which may be highly mission-specific. 
2.2 ENVIRONMENTAL STABILITY 
--- --- 
Since the earliest days of RSrD of spacecraft thermal control 
materials, comparatively little effort has been devoted to under- 
standing the fundamental mechanisms of optical degradation in the 
space environment (refs. 2.5- 7). More than any other single 
gspect of spacecraft - thermal - control (TC), environmental stability 
ranks as the most important - by far. Regardless of what other 
properties a candidate TC material might have, no responsible 
designer would employ any TC material without having at least a 
rough estimate of that  ater rial's space environmental stabilit:, 
i.e., of its time rate of change of a and E with space exposure. 
S 
The total exposure to active degradative influences depends 
heavily upon orbital parameters. The actual exposure of space- 
craft surfaces to solar electromagnetic and particulate radiation 
fluxes in general depends upon their orientation. crbital para- 
mLters and time. All space vehicles will encovntel solar electro- 
magnetic radiation, but not necessarily particuiate radiations 
(e.g. , alpha particies, protons, and electrons, as in the 
Van Allen belts and auroral regions). Unless otherwise indicated 
the term environment in the remainder of this report refers to 
the low-orbit, near-earth environment. The charged particle 
radiation studies reported in a subsequent section imply much 
higher orbits or interplanetary environments, and consequently 
should be viewed as extensions to the basic low earth orbit in- 
formation gained in the environmental tests. 
As we use it here the term "environmental stability" holds 
the more restricted, though conventional, meaning of stabiltty 
to in-vacuo solar UV radiation. The latter is nominally defined 
as the energy in the extraterrestrial solar spectrum (at the 
earth's distance from the sun, 1 A.U. , Selow 4COnm ( 0 . 4 ~ ) .  Most 
of the space radiation tests were conducted using simulated 
solar electromagnetic radiation. Stability to particul.ate radia- 
tion, nevertheless, has been estimated for several of the more 
advanced pigment systems. By convention, environmental stability 
is measured in terms of the Aa resulting from an exposure to a 
S 
specified amount of m7 radiation (expressed in units of ESH, 
equivalent sun-hours). Xore precisely, ESH refers to the total 
- - - 
amount of equivalent solar UV radiatior,. 
Environmental tests serve several purposes including that of 
predicting the performance of a ma.teri.al in space applications. 
Unfortunately, lab and flight test data do not always agree 
(refs. 2.8-9); inevitably, flight data show more degradation than 
would be expected from lab p~edi.ctions. The explanations depend 
on individual circumstances, but usually involve ?relaunch and/or 
in-flight contamination o i  inadequate simulation of ~ h e  radia- 
tion environment. Th2 results of several Skylab experiments 
(refs. 2.10-12) offer dramatic evidence of in-flight contamina- 
tion. 
In any event, space environmental stability depends very 
importantly on the surface conditions of the thermal control sur- 
faces at launch. IITRI has consistently and strongly recommended 
the protection of thermal control surfaces prior to launch. 
An IITRI study (ref. 7.13) showed the effects of an oceanside 
environment (NASA-KSFC) cn unprotected S-13G surfaces. These ard 
other studies make it patently clear that prelaunch protection of 
thermal control surfaces is absolutely essential. Unless this is 
accomplished, the intrinsic stability of any affected material 
may be seriously compromised and the validity of any predictions 
of in-flight performance, such as those made from the model given 
in Appendix I1 may also be lost. Nevertheless, properly in- 
terpreted laboratory test data remain a highly valid tool for such 
predictions; however, because of unpredictable circumstances, 
they can only reflect ideal performances. 
The prediction of environmental stability traditionally had 
been accomplished without consideration of the effects of con- 
tamination or space charge accumulation (SCA). We will, for the 
sake of completeness, discuss these two phencjmena briefly because 
they have recerAt ly become the subject of intense discussion and 
of moderate R&D efforts (ref's 2.14-18).Appendix I11 provides 
more detail or contamination parameters; and Appendix IV, some 
brief remarks on slectrical conductivity and its role in Space 
Charge Accumulation (SCA). Contamination long ago (ref. 2.19) 
- - 
was pointed out as a critically important factor affecting space- 
craft perfsrmance. 
The teim "contamination" usually refers to the outgassing 
products of materials and to their subsequent condensation on 
surfaccs, and most importantly to the possible changes in the 
c9tical properties of the latter. Of equal importance, however, 
is the concept of contaminability - the facility with which a 
surface attracts and/or retains a condensed substance. Con- 
t aminab i l i ty  i s  q u i t e  probably a f f en t ed  by su r f ace  charge d i s -  
t r i b u t i o n  and o v e r a l l  "pass ivi ty"  of s u r f s c e  absorbates  (which 
may not  neces sa r i l y  be e a s i l y  outgassedj .  
Space charge accumulation (SCA) r e s u l t s  from cne accumula- 
t i o n  of and i n t e r a c t i o n  wi th  ene rge t i ?  charged p a r t i c l e s ,  e . g . ,  
those of t he  s o l a r  wind, t he  van Allen B e l t s ,  and po la r  Aurorae. 
The d i f f e r i n g  d i e l e c t r i c  p rope r t i e s  of t he  var ious  su r f ace  
ma te r i a l s  o f  a spacecra f t  compound the  problem of d i s s i p a t i n g  
charges. SCA can b e ,  under ce rza in  circuinstances, very des t ruc-  
t i v e  t o  su r f ace  matevia ls  ( r e f s .  2.20-21). A s  charges accumulate, 
including those  due t o  secondary e l e c t r o n  emission,  t h e  l o c a l  
p o t e n t i a l  may exceed the  d i e l e c t r i c  s t r e n g t h  of t he  m a t e r i a l .  
E l e c t r i c a l  discharges ,Ley occur,  espe i a l l y  a t  l oca l i zed  f laws 
o r  sur face  d e f e c t s ,  r e s u l t i n g  i n  severe l o c a l  mechanical f a i l u r e s .  
We have addressed the  o v e r a l l  contamination problem i n  de- 
veloping z inc  o r t h o t i t a n a t e  p a i n t  systems,  p r imar i ly  i n  terms of 
reducing binder  outgass ing.  While we a r e  aware of the  SCA pro- 
blem, we have no t  undertaken any e f f o r t s  t o  reduce the  sus-  
c e p t i b i l i t y  of z inc  o r t h o t i t a n a t s  pa in t  system t o  SCA e f f e c t s .  
Contamination poses a  r i s k  i n  any spacecra f t  a p p l i c a t i o n ;  SCA 
e f f e c t s  nay o r  may n o t .  Consequently, we urge thac p o t e n t i a l  
use rs  of z inc  or thc  ' tanate pa in t  systems (of any TC m a t e r i a l ,  
f o r  that mat ter)  consider  the  po te r ; t i a l  of SCA toward mission de- 
gradat ion f o r  t h e i r  p a r t i c u l a r  mi s s ion !~ ) .  
2 . 3  SUMMARY REMARKS 
Environmental s t a b i l i t y  connotes the  a b i l i t y  of a  TC 
mate r ia l  t o  remain unal tered i n  i t s  o p t i c a l  p r 0 p e r t i . e ~  a f t e r  
exposure t o  a c t i v e  degradative agencies whose [nap  i t ude  ( s )  may, 
and f requent ly  do, vary wi th  time and orbi:al parLmeters. A l -  
though s o l a r  UV r a d i a t i o n  i s  a predominant degrsdat ive  agency 
e spec i a l l y  In the  near--ear th  environment, s d d i t i o n s l ,  but no t  
neces sa r i l y  l i n e a r l y  a d d i t i v e ,  o p t i c a l  degradation occurs a s  
a  r e s u l t  of concurrent exposure t o  massive ener ;e t i c  r a d i a t i o n .  
I n  the discuss ions  of environmental t e s t  resv1.t:; we w i l l  
analyze the reflectsnce changes spectrally, associating changes 
in certain-spectral regions with a specific materjdl defect and 
with their causes. This approach allows an explal~ation of so- 
called synergistic effects. Furthermore, ic contrasts, but is 
by no means incornpaLible, with the more engineering-oriented 
understanding of Aasvs ESH. We will make these relationships 
more clear in a succeeding section where the spectra of irradiated 
materials are analyzed in detail. The im~ortant points to ob- 
serve here are 1.) that environmental degradation implies that 
each active environment produces one or more characteristic 
spectral reflectar-ce changes, 2.) that the magnitude of each ~ n -  
duced change is proportional to the appropriate magnitudes 
(including time) of the agency producing it, and 3.) that the 
total change, measured in terms of Aas, is the summation of all 
of these spectral changes relative to the solar intensity spectrum. 
Environmental stability, at least from a materials standpoint, 
thus results from minimizing the sprctral response of a meterial 
to a degradative ageccy, especially in the spectral regions of 
greatest solar intensity. This in turn is accomplished by adjusting 
paint compositions in ac~.:~n-dance with the optical, physical . ~ n d  
applications requirements which the paint system must also meet. 
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3.0 PIGMENT STUDIES 
A great deal of research has been performed to obtain pig- 
nect materials stable to the ultraviolet-vacuum environment. 
Much of the early screening of inorganic powders was conducted 
at ZITRI and has been documented in several reports (Refs. 3.1-3). 
From this work, zinc wi .de  zzd s=S:cq~eii:ly z i c c  orthotitanate 
(Zn2Ti04) were determined to be the most stable pigments. 
The purpose of the pigment technology studies was to develop 
methods for producing zinc orthotitanate (Zn2Ti04) thermal con- 
trol pigments of high reflectivity (low a ) and stability. These 
s 
production methods were to be amenable to scale-up so that 
moderately large quantities of pigment powder, e.g., ten pound 
batches, could be produced. Coprecipitation, reaction sintering, 
and heat treatment studies were conducted. 
In addition, a limited amount of investigative effort was 
devoted to pigments other than Zn2Ti04. The details of the 
various studies are presented in the following sections. 
ZINC ORyK3TITANA'i'E STUDIES 
3.1.1 Background -
Studies conducted at IITRI have demonstrated that zinc 
orthotitanate has excellent potential as a pigment for solar 
reflector coatings (Ref. 3.3). A flow diagram for the previous 
synthesis method for Zn2Ti04 used at IITRI is shown in Figure 
3.1. The process is one of reacting zinc oxide with titanium 
dioxide. A series of grinding and mixing orjerations are 
carried out at low temperature to assure good particle-to- 
particle contact, and hence, reactivity, of the two oxides. 
Formation of the Zn Ti04 pigment is accomplished by firing at 2 
925°C for 18 hours, additional grinding, followed by reactive 
encapsulation and/or induct ion plasma calcining (Ref. 3.4) to 
obtain a stable product. A total of 4 hours of wet grinding 
and 1 1 2  hour of dry grinding is conducted prior to firing and 
Wet Ground 1 1 / 4 h r  I 
Vacuum 
F i l t e r e d  
I Fired 9 2 5 " ~ / 1 8  hr 1 
Dry Ground 
I 12-24 hr I 
Reactive 
Encapsulation 
Induction Plasma 
Calcining 
I Pigment I 
Figure 3.1 FLOW DIAGRAM FOR B-223  SYNTHESIS OF ZINC ORTHOTITANATE 
PIGMENT (Ref 3 ' 4 ) .  
this is followed by an additional 12-24 hours of grinding for 
comminution cf the Zn2Ti04 product. 
Spectrographic analysis of a series of zinc orthotitanates 
prepared by this method revealed the following major impurities 
(Ref. 3.5) : 
SAMPLE GRIND TIME 
-
Si 
-
A1 
-
A-0 24 hrs 0.5 0.3 
B-0 24 hrs 1. 2 0.7 
D- 0 12 hrs 0.1 0.25 
The rather large amounts of A 1  and Si may be attributed to con- 
tamlnation from the porcelain grinding balls and would appear to 
be a function of grind time. Such impurities in a material can 
be a source of optical degradation in an ultraviolet-vacuum en- 
vironment. Minimization of grinding times would reduce contamin- 
ants and minimize introduction of crystallographic defects. This 
should be beneficial in obtaining improved stgbility and was one 
of the aims of the study. 
Stabilization of zinc orthotitanate subsequent to its 
synthesis at 925°C to prevent optical degradation is accomplished 
by the following methods: reactive encapsulation and/or very 
high heat treatment by induction plasma calcining. The latter 
process involves a rather sophisticated apparatus, and the yield 
is somewhat low. 
In the current study, attempts were made to obtain stable 
Zn2Ti0 by either elimination or simplification of the various 4 
steps shown in Figure 3.1. The means by which this was to be 
accomplished was: 1) the use of salt precursors to obtain en- 
hanced reaction; 2) the use of coprecipitation to achieve intimate 
mixing of these precursors; and 3) the use of rapid heat treat- 
ment methods to minimize particle size growth. 
The production techniques which have been investigated are: 
1. Coprecipitation - Obtaining an intimate zinc salt- 
--- 
titanium salt mixture by ~~precipitation and firing 
of this product at relatively low temperatures (600"- 
1000°C) to produce Zn2Ti04. 
2. Reaction -. Sinterinrt - Reaccion of a physical mixture of 
a zinc compound with a titanium compound by rapid tiring 
(less than 2 hours) at 900" - 1400°C. 
3. Heat Treatment of Powders - Accelerated heat treating 
of powders by flash heating (heating and cooling ramp 
times of less than 15 minutes each with soak times at 
temperature of about 2 hours). 
3.1.2 Methods -- of Evaluation 
--- 
In the studies of preparing zinc orthotitanate, evaluation 
methods primarily used were grr~;-~tric, x-ray, and scannlng elec- 
tron microscopy (SEM). Wei,:ht change data due to chemical reac- 
tion, decomposit%on, or calcination, were used to monitor com- 
pleteness or the extent of any of these processes by comparison 
with theoretical behavior. X-ray analysis was used routinely for 
phase identification. The size and shape of powder particles 
could be determined readily with the use of the SEM. 
3.1.2.1 Gravimetric Analysis 
------- 
Weight measurements were made on precipitated materials 
after they had been dried at 90°C/4 ho~irs, and calcined powders 
were weighed after cooling to ambient temperature. Amounts up 
to 200 grams were weighed to 0.0901 grams, and larger amounts 
were weighed to a tenth of a gram. These accuracies were also 
maintained in the preparation of reactants, both in solid or 
solution forms. 
3.1.2.2 X-Ray Analysis 
-- -
Debye-Scherrer powder patterns were employed to identify 
different phases in a particular sample by comparison with standard 
National Bureau of Standards data. Line intensity was also used 
as an estimate for quantitative rr.alysis. Nelson-Riley plots were 
employed to determine lattice constants. Detailed description 
of these techniques can be found In the literature (Ref. 3.6). 
Certain limitations exist2d in aaterial identification by 
X-ray methods. Phases were not detected if they were aqorphous 
or non-crystalline, were in small quantity (generally 4 to 5% or 
less of the total sample), were extremely fine in size (~100 
angstroms), or were poorly crystallized. Examples are discussed 
in the text of this report. 
3.1.2.3 --- SEM Analysis -
Examination of powder particles by SEM was carried on at 
Marshall Space Flight Center (NASA) by Mr. D.W. Gates, Project 
Monitor, using a JEOL JSM U-3 instrument. Sample preparation 
consisted of the following steps: 1) disperse powder in USP 
ethyl alcohol; 2) transfer powder-alcohol to a brass stub sample 
holder using a capillary tube ; and 3) air dry. Three samples 
were placed on a stub as depicted below, thus permitting rapid 
examination and comparison withouc removal of the stub from 
the SEM. 
Using this method of depositing very t h i r l  sample layers, it was 
detemiined that a conductive coating to prev2nt charge build-up 
was not necessary. Dispersion of particles was excellent, per- 
mitting examination of discrete %rains. 
3.1.2.4 O~tical Analysis -
The reflectance spectra of Zn2Ti04 pigments were also used 
to characterize these materials in terms of a and Aas, i.e., 
S 
stability to ultraviolet irradiation in vacuum. Additionally, 
reflectance characteristics in the near ultraviolet from 0.325 
to 0.5 micr2ns revealed compositional information. The location 
of the absorption edge as well as the "knee" reflectance were 
used to determine the existence (or lack there cf) of free TiOp 
and ZnO. These analyses will be treated separately subsequently. 
3.2 SYNTHESIS BY COPRECIPITATION/CALCINATION~COP) -- -- 
The purpose of the coprecipation method is to obtain an 
intimate mixture of zinc and titanium c~mpounds. This excellent 
mixing along with the highly reactive nature of the oxides derived 
upon decompcsition of these compounds, permits conversion to 
Zn2Ti04 under moderate conditions of 600°C/2 hrs. Other investiga- 
tors (Refs. 3.7 and 3.8) have shown that higher temperatures and/or 
longer times are necessary using less reactive zinc and titanium 
precursors. 
The coprecipitation method involves the simultaneous addi- 
tion of a mixed solution of zinc and titanium chlorides to a 
solution of oxalic acid. The resulting solution is then heated 
to and held at a specified temperature, during which time it is 
continuously stirred while the precipitate is fcrmed. 
The zinc and titanium scurces were Reagcnt Grade ZnC12 and 
Purified TiC14, and the oxalic acid was Reagent Grade. Zinc 
chloride and oxalic acid solutions were prepared by conventional 
dissolving of the crystals in distilled water at 40°C. The 
TiC14 solution was prepared by dropwise addition of the TiC14 
into distilled water which was cooled in an ice bath in order 
to prevent formation of hydrolyzed titayium. 
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P r e c i p i t a t i o n  o f  mixed o x a l a t e s  was conducted by a d d i t i o n  
of a x ixed  c h l o r i d e  s o l u t i o n  (having va ry ing  Zn t o  T i  r a t i o )  t o  
o x a l i c  a c i d  a t  40°C. This  was followed by h e a t i n g  of  t h e  svstem 
w i t h  s t i r r i n g  t o  90°C where i t  was h e l d  from one t o  f o u r  hours ,  
t h e  hold  time depending on t h e  ba tch  s i z e .  
F i l t r a t i o n  w a s  performed i n  a Buchner funne l  system under 
s l i g h t  vacuum. The p r e c i p i t a t e  was washed thoroughly w i t h  hot 
wa te r  u n t i l  t h e r e  was no evidence of  a c i d  i n  t h e  f i l t r a t e .  
Ca lc ina t ion  and f i r i n 3  were performed i n  s t andard  atmospheric  
Globar furnaces .  Powders were conta ined i n  fused  s i l i c a  boa t s  
f o r  f i r i n g s  up t o  1300°C and i n  plat inum c r u c i b l e s  a t  1400°C. 
A flow diagram f o r  t h i s  process  i s  shown i n  Figure  3 . 2  and 
i s  summarized inTable 3.1. The des igna t ion  "TiOX" is used i n  
t h i s  document f o r  t h e  r e a c t i o n  product  of  TiC14 w i t h  o x a l i c  a c i d .  
A s  shown l a t e r  i n  t h i s  r e p o r t ,  t h i s  m a t e r i a l  was no t  completely 
c h a r a c t e r i z e d  i f i  the ceurse of t h i s  program. 
Various e f f e c t s  a f f e c t i n g  t h e  c o p r e c i p i t a t i o n  process  were 
examined during t h e  course of t h e  program. These a r n  d i scussed  
i n  t h e  fol lowing s e c t i o n s .  
P re+ i t a t ion  E f f e c t s  
-- ---. 
The i n i t i a l  s t e p  i n  t h e  c o p r e c i p i t a t i o n  s tudy was t o  opt imize  
t h e  technique f o r  r a p i d  mixing cf r e a c t a n t s ,  and f o r  obta in i i lg  re- 
p r o d u c i b i l i t y .  The v a r i a b l e s  were t h e  o x a l i c  a c i d  s o l v e n t  (water  
o r  a l c o h o l ) ,  s t a r t i n g  mixture (mol r a t i o  of Z n : T i ) ,  a d d i t i o n  method 
(dropwise o r  d i r e c t  dump), and r e a c t i o n  r a t e s  and cond i t ions  
( temperature and holding t ime) .  P r e c i p i t a t i o n s  were c a r r i e d  o u t  
i n  an a l l  Pyrex system t o  prec lude  contaminat ion such a s  i r o n .  
Gross compositions of the  p r e c i p i t a t e s  were eva lua ted  us ing  x-ray 
techniques .  
OXALIC ACID %-' 
ZnC 1 2 
SOLUTION 
PRECIPITATION 
90°c/4 HRS. 
PRE-FIRED 
- 
FI KgD 
900 C + 1200 C/2 HRS 
TiC14  
SOLUTION L 
PIGMENT LxLI  
Figure 3.2 FLOW DIAGRAM OF CO??ECIPITATION (COP) PROCESS FOR 
SYNTHESIS OF Zn2Ti04 PIGMENT 
TABLE 3.1 
COPRECIPITATION PR3CESS OF Z n 2 z 4  PRODUCTION 
--------- 
Coprec ip i t c t ion  Reaction:  
2 ZnC204*2H,0 + " T ~ O X "  + 8HCl (aq) 
- 
Mater ia l s  Prepara t ion:  
---- --- 
1) Mix 20% TiC14(aq) and 20% ZnCl (aq) s o l u t i o n s  t o  o b t a i n  2: 1 mol 
r a t i o  of z i n c  t o  t i t a n i u m  ( c o l a ) .  2 ) .  Prepare  15% o x a l i c  a c i d ( a q ) .  
C o p r e c i p i t a t i o n   procedure^ 
0 1) Heat o x a l i c  a c i d  solut ior t  t o  40 C,  add mixed c h l o r i d e  s o l u t i o n  
0 
wi th  s t i r r i n g '  2 ) .  Heat t o  ' ~ 9 0  C with s t i r r i n g ,  and d i g e s t  f o r  b 4 hours a t  90 C with s t i r r i n g :  3 ) .  Cool, and f i l t e r  p r e c i p i t a t e  
(mixed o x a l a t e s )  with generous water  washings u n t i l  pH = 7; and 
4 ) .  Dry a t  9 0 ~ ~ 1 4  h r .
Ca lc ina t ion  Reaction (Conversion):  
------- ----- 
2 ZnC204*2H 0 + "TiOX" + Zn,TiO, + xCO + y!12C 2 L 't L 
( V o l a t i l r s )  
6 0 0 ~ ~ 1 2  h r s  ( t ime t o  6 0 0 ' ~  - 30 min). 
Flash Calc inat ion:  
------ 
I n s e r t  d i r e c t l y  i n t o  furnace  a t  dcs l red  temperature and remove a f t e r  
required hold  time; the  fo l lowing schedules  a r e  r e p r e s e n t a t i v e :  
Tmp.,  Time t o  Temp. . Hold Time, 
0 C Min. Min . 
--- ----- 
Container  
--
1050 %7 120 fused q s a r t z  
1200 * %8 120 fused q u a r t z  
1400 %lo  5 p l a t  inurn 
Hand-pulverize pigment (minimal) t o  reduce agglomerntes.  
Ace t i c  Acid Treatment (Free %no Removal) : 
------- 
1)  Treat  pigment i n  50% a c e t i c  a c i d  a t  80°c/1 h r  wi th  s t i r r i n g ;  
2) F i l t e r  wi th  repea tea  water washing u n t i l  p H  7 ;  3 ) .  Dry a t  1 2 0 ~ ~ / 1 6  h r .  
4 ) .  Calcine a t  1000 C/2 h r s  (time t o  1000 C = 1 hour) .  
*A 1 2 0 0 ~ ~  f l a s h  c a l c i n a t i o n  appears t o  produce l n  T i O I  of optimum physical  
and o p t i c a l  p r o p e r t i e s .  2 
Firing of these materials was conducted at 9OO't: for 2 hrs 
in fused quartz or porcelain cmtainers, and the resulting pow- 
ders were examined by x-ray diffraction to determine gross composi- 
tion and crystal structure. The temperature and time conditions 
of calcination (900°C for 8 hr) for the early studies were s3lected 
because previous studies had established that under such condi- 
tions a stable product was obtained (Ref. 3.4); and, of couTse, they 
were established in order to compare on an uniform basis products 
prepared under parametric conditions. 
Theoretically, the use of a 2:l mole ratio of Zn to Ti in 
the mixed chioride solution should yield titanate of the desired 
stoichiometry, i.e., Zn2Ti04. Previous experience had also shown 
(Ref .3 .4)  t i  ;it in the nixed oxide reaction, an excess of ZnO in 
the product was very nuch preferred to an excess of TiOL, mainly 
because of the lat~er's insolubility and thus its unextractability. 
An iilitial objective of this work was thus to determine the effect 
of the Zn:Ti mol ratio on ths composition of the final product. 
The effect of using water or nethyl alcohol as the solvent 
for oxalic acid was also examir.ed. To simplify and speed up this 
step in the processing, the mi>.ed chlorides were added rapidly 
to the oxalic acid solution at room temperature. The systems 
were then heated to 90°C in the case of water, or to 55'C in 
the case of alcohol tc zqmplete rhe precipitation. After cooling, 
the solid product was obtained and hsat treated at 900°C fox  8 hr 
to obtain ZnZTi04. The product was of a particle size small 
enough for direct use as a pigment, thus precluding the possibility 
of contaminant introduction in any grinding process that might 
be employed. 
The data in Table 3.2swrmarize the initial studies of co- 
precipitatiun. X-ray analyses showed that the precipitation pro- 
duct in the water systerr, was two-phased, consistinn, of zinc 
oxalate and a second crystalline material which is designated 
as "Tiox". No standard X-ray pattern correspond~.ng to the pattern 
T
ab
le
 3
.2
 
EF
FE
CT
 
OF
 
IN
IT
IA
L
 Z
n:
T
i 
M
OL
 
RA
TI
O
 O
N 
C
O
PR
EC
IP
IT
A
TI
O
N
 
Z
n:
T
i 
M
ol
 
R
at
io
 
P
re
ci
.p
it
at
io
n
 
B
at
ch
 
in
 M
ix
ed
 
S
ol
ve
nt
 f
o
r 
T
em
p.
, 
T
im
e,
 
F
ir
ed
 P
ro
du
ct
, 
N
o.
 
C
hl
or
id
es
 
O
xa
li
c 
A
ci
d 
O
C
 
P
re
c
ip
it
at
io
n
 P
ro
du
ct
 
-- 
m
in
 .
 
-
.
 
90
00
C/
8 
h
r 
1.H
- 2
 
4:
 1
 
W
at
er
 
90
 
5 
Z
nC
Z
04
. 2
H
20
 +
 "
T
im
" 
Z
n2
T
i0
4 
+ 
Zn
O
 
LH
- 
5 
2
:l
 
W
at
er
 
90
 
5 
Z
nC
20
4.
 2H
20
 +
 "
T
iO
["
 
Z
n2
T
i0
4 
+ 
Zn
O
 
LH
-8
 
1
.5
:l
 
W
at
e~
 
90
 
5 
Z
nC
20
4-
2H
20
 +
 "
Yi
CX
" 
Z
n2
T
i0
4 
+ 
T
i0
2 
LH
-4
 
4:
 1
 
M
et
ha
no
l 
55
 
5 
Z
nC
2C
4-
2H
p 
Z
n2
T
i0
4 
+
 Z
nO
 
LH
-9
 
3
.1
 
Me
 t
n
a
n
o
l 
5 5
 
5 
Z
nC
20
4.
 2M
20
 
Z
n2
T
i0
4 
+ 
Zn
O
 
C
;
 
LH
- 6
 
2
:l
 
14
e t
ha
n0
1 
55
 
5 
Z
nC
20
4.
 2
H
20
 
T
i0
2 
I I--
 
+
' 
LH
- 
16
 
2
:l
 
W
at
er
 
90
 
60
 
Z
nC
20
4.
2H
20
 
"
Ti
(K
" 
Z
n2
T
i0
4 
i
 Zn
O 
L
H
-
 1
3
 
2
:l
 
Me
 t
ha
n0
1 
55
 
60
 
Z
nC
20
4 
2H
20
 
Z
n2
T
i0
4 
+ 
T
i0
2 
of t h i s  second phase could be found i n  t h e  l i t e r a t u r e .  Communica- 
t i o n  w i t h  YBS personnel  r evea led  t h a t  t h i s  was ind3ed a new com- 
pound. 
Analyses of f i r e d  products  of water-based s y s t e m  showed 
t h a t  us ing  a Zn:Ti mole r a t i o  a f  2 : l  o r  h igher  r e s ~ l t e d  i n  z i n c  
o r t h o t i t a n a t e  p l u s  f r 2 e  z i n c  oxide .  The 2  :1 r a t i o  (Zn:Ti) u s i n g  
a  one hour ho ld  dur ing  p r e c i p i t a t i o n ,  fol lowed by a  900°C/8 h r  
f i . r ing ,  produced a  Zn Ti0  product wi th  very small  amounts of 2 4 
excess  ZnO. 
I n  t h e  a lcoho l  systenrs, t h e r e  was no evidence of "TiOX" i n  
any of  t h e  p r e c i p i t a t e s .  A s  shown i n  Table 3.2, a l l  of t h e  methanol 
systems p r e c i p i t a t e s  gave x-ray  pat terr .s  of z i n c  <YW.I se wi th  
no evidence of any c r y s t a l i i n c  t i t a n i u m  phase.  How ~ e r ,  a l l  of  
the  p r e c i p i t a t e s  when f i r e d  a t  900°C f o r  8 h r  y ie lded  f r e e  TiO:, 
o r  Zn2Ti04. Thus t h e  t i t a n i u m  phase i n  t h '  3 r e c l p i t a t e  i s  e i t h e r  
extremely f i n e  o r  i s  i n  an amorphous s t a t e .  For t h e  a l c o h o l  sysrem, 
4 Zn:Ti mole r a t i o  i n  excess  of 2 . 5 : l  bu t  l e s s  than 3 : 1  was 
necessary  t o  o b t a i n  Zn2Ti04 w i t h  no Ti02 and a  ~sinimum o f  excess  
ZnO . 
3 . 2 . 2  S c a l e - U p s t u d i e s  --- --. 
The e a r l y  work i n  c o p r e c i p i t a t i o n  of o x a l a t e s  from t h e  mixei 
c h l o r i d e s  r evea led  a  low y i e l d  of about 59 t o  71% of t h e o r e t i c a l .  
The low y i e l d  m;y be a t t r i b u t e d  t o  non-optisum p r e c i p i t a t i o n  condi- 
t i o n s ,  e .  g .  , too low a  tempera ture ,  s h o r t  t imes ,  and ' o r  i n -  
s u f f i c i e n t  amounts of r e a c t a n t s .  I n  s f f o r t s  t o  i n c r e a s e  t h i s  y i e l d ,  
t h e  amount of c v a l i c  a c i d  involved i n  the  r e a c t i o n  was inc reased  
t o  a  40 mol % excess .  A s  t h e  d a t a  i n  Tzble 3.3 show, t h i s  r e su l -ed  
i n  an i n c r e a s e  t o  about a 90% y i e l d  a s  seen by cornparlng d a t a  
from batch  LH-16 wi th  those  from b a t c h  LH-20. Furthermore, t h e  
f i r e a  product of Ld-20 showed no X-ray evidence 05 ZnO, i n d i c a t i n g  
a  c l o s e  approach t o  t h e  2Zn/Ti s t c i s h i o m e t r y .  
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The batch  amounts f o r  LH-1 through LH-20 w e r e  50 %rams of  
p r e c i p i t a t e .  I n  experiments designed t o  o b t a i n  a p r e c i p i t a t e  of 
200 grams, t h e  i n i t i a l  r e s u l t s  ( see  LH-22) showed a lowering of  
p r e c i p i t a t e  y i e l d  t o  78%. and t h e  f i r e d  product  contained amounts 
of excess ZnO de t ec t ab l e  by x-rays .  I n  e f f o r t s  t o  i n c r e a s e  t h e  
y i e l d ,  d ige s t i on  (hold) t imes were inc reased  t o  2 h r  (LH-30) and 
4 h r  (LH-31). The y i e l d  was inc reased  t o  about 90% by t he se  
longer  holds a s  seen ir. Table 3.4. I n  t he  f i r e d  p roduc t s ,  LH-33 
showed very f a i n t  x-rap l i n e s  f o r  ZnO whereas LH-31 showed none. 
Larger  ba tch  product ion of  z i n c  o r t h o t i t a n a t e  was continued 
i n  t h e  LH-50 series. Three 200 gram mixed o x a l a t e  p r e c i p i t a t e s  
(des ignated  LH-51. LH-52 and LH-53) were prepared.  The f i r s t  
two of t he se  batches  were d iges ted  f o r  4 hours a t  90°C; it was 
e s t a b l i s h e d  previously  t h a t  under t he se  cond i t ions  3 r e l a t i v e l y  
pure  Zn2Ti0 would r e s u l t  on subsequent f i r i n g .  The t h i r d  4 
ba tch ,  LH-53, was d iges ted  f o r  8 hours i n  an e f f o r t  t o  i nc r ea se  
t he  y i e l d .  The percent  y i e l d s  ob ta ined ,  based nr 301~ % of 
t h e o r e t i c a l ,  f o r  the  t h r e e  p r e c i p i t a t e s  were 90.5%, 93.5%, and 
93.1% f o r  LH-51, LH-52 and f o r  LH-53, r e spec t i ve ly .  These da ta  
show t h a t  extending the  d ige s t i on  t i m e  from 4 t o  8 hours does 
no t  i n c r ea se  t he  y i e l d .  I n  t h i s  p a r t i c u l a r  p r e c i p i t a t i o n  pro- 
c e s s ,  an equi l ibr ium i s  apparen t ly  a t t a i n e d  a f t e r  about 4 hours.  
The f i n a l  scale-dp i n  t h i s  program involved p r e c i p i t a t e  ba tches  
of  about 1000 grams i n  t h e  LH-100 s e r i e s .  These along w i t h  per-  
t i n e n t  ba tches  of s m ~ l ' z r  s i z e  a r e  summarized i n  Table 3.4. 
The r e s u l t s  of these  s t u d i e s  show t h a t  f o r  ob ta in ing  Zn2Ti0 4 
of minimum ZnO excess reproducibly ,  the  fol lowing parameters a r e  
of importance: 
1 . )  Use of water  a s  op?osed t o  methyl a lcoho l  a s  t h e  so lven t  
f o r  o x a l i c  a c id .  2 . )  Use of a 2 : l  mol r a t i o  o f  z i nc  t o  t i t an ium 
i n  the  mixed ch lo r i de s .  3 . )  Use of about a 40 mol% excess o x a l i c  
a c i d  i n  the  r e a c t i o n ;  and 4 . )  P r e c i p i t a t i o n  a t  90°C wi th  a 4 hour 
hold .  
lo" m N 
51 ZN 
3.2.3 Sample -- Desimation -- 
Synthesis of zinc orthotitanates by ~~precipitation and cal- 
clination involves a series of standardized operations. In order 
to render samp1.e designations as descriptive as possible, a coding 
system was used during the course of the prograrr. For example, 
in the designation LH-30(6-12-A-lo), "LH-30" refers to the batch 
precip'tate, "6" refers to an initial firing of 600°C/2 hrs, "12" 
refers to a subsequent firing at 1200°C/2 hrs, "A" refers to the 
acetic acid leach, and "10" refers to the final firirg at 1000°C/2 
hrs. All samples were designated in this manner in order to pre- 
sent a codified history and identification of the particular 
material. Shown in Figure 3.3 is a typical flow diagram for 
materials obtained froa a particular precipitation batch. 
Heat Treatment Studies 
-------- 
Studies were conducted to determine the effect of beat treai- 
ment temperature of Zn2Ti04 on its physical and optical properties. 
The temperatures of interest were varied from 900°C to 1400°C. 
The precipitates were fired in fused quartz crucibles because of 
the excellent thermsi shock resistance of quartz. These were 
then inserted directly into a furnace and soaked for 2 hr attempera- 
ture (or 5 minutes at 1400°C), and then removed to --oom temperature 
conditions for ra?id cooling. This rapid heat tl-eatment method 
has been termed flash calcination. 
L - . - -  .--_ 
Inltial experiments with the coprecipitatc- ? . ,  the mixture 
of :inc oxalate and "TiOX", resulted in a rathzr .!iolent Gis- 
turbance of the pgwder due to the extremely rapid evolution of 
decomposition gases. Therefore, in subsequent studies materials 
were pre-calcined at 600°C for 2 hrs, a treatment xhich removes 
all volatiles without disruption of the ~rccipita~d. Powders 
subjected to temperatures up to 1200°C wEre essentially free 
flming; the slight ca!:ing is easily broken uo. However, a 
1400°C treatment caused apparent agglomeration as observed 
microscopically in the coarseness of the particles. This was 
confirmed in scanning electron microscopy (SEN) studies, which 
clearly showed "necking" (fusing t - y e t h e r  of particles) or the 
( 1200°C/2 hr 1 1 4 0 0 ° ~ / 5  min. 
,. 
., A s  Precipitated 
- L .  
. 
LH- 30 
1 Acetic Acid Leach I 
900°C/8 hr 
Figure 3 - 3 .  TYPICAL FLOW DIA'RAM FOR Zn2Ti04  SYNTHESIS 
FRON A PRECIPITATED BATCH 
600°C/2 hr 
v v Y 
Ill-30 (9)  U-30 (6 )  
b 1 I I 
onset of sintering by diffusion. The results of SEM analyses 
appear in a later section. 
In some of the materials calcined at 900°C, ~ i n c  metati- 
tanate (ZnTiOj) was observed. Firing of these materials to a 
temperature of 1200°C resulted in the changes described below 
Phases Present 
Batch After Heat Treataent at. 
No. ~~~7 TWCTZE 
LH- 10 ZOTk + ZITI" + TL02 ZOT + TiG2 
LH-11 ZOT + ZMT + Ti02 ZOT + TiOZ 
LH- 12 ZOT + ZMT + ZnO ZOT 
*ZOT = zinc orthotitanate, ZMT = zinc metatitanate 
Zinc metatitanate was not observed in any of the 1200°C calcined 
samples. This can be explained by examination of the ZnO-Ti02 
phase diagram proposed by Dulin and Rase Oief. 3.7) in which dis- 
sociation at 945OC of ZnTiOg to Zn2Ti04 plus Ti02 is indicated. 
Significantly, in LH-12, ZMT and ZnO were present in the 900°C 
material. A heat treatment of 1200°C resulted in a material 
which revealed only ZOT lines, indicating reaction between the 
excess ZMT and ZnO to form ZOT. The observed incompleteness of 
reaction of 900°C was the exception rather than the rule. How- 
ever, evidence of ZMT was observed in some of the 600°C (pre- 
calcined) materials, indicating that the reaction co form the 
orthotitanate may be stepwise, i.e., metatitate is an inter- 
mediate product at some relatively low (<900°C) temperatures. 
3.2.5 Acid-Leach Studies 
----- 
The ~~precipitation process was designed to yield a product 
with excess 2110. The removal of free ZnO can lowel- a by about 
S 
0.02 due to elimination of the "knee" in the 0.325 - 0.375 micron 
region. 
A series of ZnZTiO powders were treated with acetic acid 4 
to remove ZnO. The reaction of acetic acid with zinc oxide 
leads to soluble zinc acetate; Zn2Ti0 is iner: to the acid. 4 
Samples LH-30 (6- 12) and LH-31(6- 12) were thoroughly stirred in 
acetic acid at 83OC for one hour. After filtering and washing, 
the materials were fired at 1000°C/2 hrs to drive off any re- 
sidual acetates. 
Gravimetric analysis showed a weight loss (presumably ZnO) 
of 7.9% for LH-30(6-12-A-10) and 3.7% for LH-31(6-12-A-10). The 
removai of ZnO from the LH-30 material was verified by X-ray 
analyses in that no phases other than Zn2Ti04 could be detected. 
In addition, refl~ctance data revealed either an increase at the 
"knee" (350nm) or its complete removal (see section 4.7). Sample 
Id-31(6-12) had shown no X-ray evidence of ZnO prior to the acid 
leach. Apparently the 3.7% ZnO content as determined in the 
acid leach experiment was too small an amount to be detected by 
X-rays. 
Sdmples from batches LH-51 and LH-52 were also subjected to 
acid washing. Weight losses for LH-51(6-12-A-10) and LH-52(6-14- 
A-10) were 2.2 and 2.3%, respectively, showing that these materials 
contained a very small amount of ZnO. In geceral, losses of 2 to 
3% were observed for all Zn2Ti04 subjected to this processing. 
An important requirement of the acid washing process is the post- 
calcination at 1000°C to remove any degradable residues, as space 
simulation tests show (see sdctions 4.4 and 4.5). 
3.2.6 X-Ray - Analyses -
All materials obtained at the various stages in processing 
(see Figure 3.3 for typical materials) were examined routinely 
by X-ray analysis. Representative powder patterns are presented 
for as-precipitated materials in Figure 3.4 and for heat treated 
materials ir Figure 3.5. The "TiOX" product formed by the reac- 
tion between TiC14 and H2C204-2H20 exhibited a characteristic 
X-ray pattern (Fig. 3.4a. ) which cannot be identified as any 
indexeci material. This pattern was common to all of the various 
"TiOX" powders examined, thus showing that this compound is re- 
pro-.~cible and unique. Also shown in Figure 3.4 are the patterns 


fo r  zinc oxalate and a coprecipi ta ted mixture. The f o m e r  
corresponds nicely t o  wel l  documented data  f o r  ZnC204.2H20, and 
the l a t t e r  comprises a mixture of the  two pa t te rns .  
Representative X-ray powder pa t te rns  of f i r e d  mater ials  pre- 
sented in Figure 3.5 show t h a t ,  i n  the  600°C mater ia l ,  LN-30(6), 
the Zn2Ti04 l i n e s  a re  not sharply defined, indicat ing poor 
c r y s t a l l i n i t y .  On the other  hand. the  pa t te rns  of the 900°6 
mater ial ,  (LH-30(9), show good c r y s t a l l i n i t y  a s  evidenced 
by l i n e  sharpness and the energence of back r e l f e c t i o n  l i n e s .  
The pa t te rn  of the acid washed sample contains no l i n e s  f o r  ZnO, 
indicat ing the effect iveness  of the ace t i c  ac id  removal of ZnO. 
Another aspect of X-ray analyses has been t o  deternine any 
relat ionship between crystal lographic s i z e  and processinq h is tory  
and/or s t a b i l i t y  t o  u l t r a v i o l e t  i r r a d i a t i o n  i n  vacuum. The re- 
s u l t s  of these s tudies  a re  shown i n  Table 3.5; the l a t t i c e  constants 
(ao) of pigments calcined a t  1100°, 1200' and 1300°C were s imi la r ,  
while the 1400°C mater ial  revealed a c e l l  s i z e  more closely 
0 
approaching the reported value of 8 . 4 5 6 ~  Okf.3.8) f o r  fused 
Zn2Ti04. Thus, there  was no c lea r  t rend,  a t  l e a s t  i n  the 1100° 
to  1300°C temperature range, toward the ideal c r y s t a l  s i z e  with 
increasing temperature. 
Table 3.5 
SUMMARY OF X-RAY DIFFRACTlON STUDIES OF Zn2Ti04 
---- 
Calcinaiion Lattice 
Material 
Las 
Temp., C Constant, 8 ZnO ----- 2054 ESH** 
LH-53(6-11) * 1100 
LH->3(6- 11-A- 10) 1100 
LH-53(6-12) * 1200 
LH-53 (6- 12-A- 10) 1200 
LY-53(6-13) 1300 
! Y-53(6-13-A-10) 1300 
LH-53(6-14) * 1400 
LH-53(6- 14-A-10) 1400 
---- .- 
*Acid washed, followed by heating at 
**Space simulation Lest IRIF-1-67 
8.4668 
8.4639 
8.4673 
8.4641 
8.4668 
8.4638 
8.4643 
8.4628 
- 
1000"~/2 hrs. 
Yes 
No 
Yes 
No 
Yes 
No 
Yes 
1 % 
U A difference in lattice constants did appear to exist between as-calcined pigments and those of the acid washed materials. The 
latter materials clearly exhibit smaller constants than the non-acid 
. I, 1 washed samples. Since acid washing removed the Z3O from the 
Zn2Ti04, this decrease in a. may indicate a limited solubility of 
I 1 ZnO in the Zn2Ti04. In other words, removal of the ZnO permits 
L f a closer approach of the Zn2Ti04 crystal size to the id -..;. HOY- 
L ' 
ever, it is also possible that the apparent contraction in crystal 
size may have been due to an annealing effect of the added heat 
treatment of 1000°C/2 hrs. Examination of the lattice constant 
versus has data failed to reveal any correlation. 
! 
r The X-ray diffraction scans also indicated the effectiveness 
1 
t of acid treatment; ZnO was detected in the as-calcined and not in 
the acid-treated samples. No trace of Ti02 was observed in any of ; i i  
J :- J 
these samples by X-ray. 
i 
? 
I - +  3 . 2 . 7  --- SEM Analyses -
The various materials generated in the Zn2Ti0 studies, from 4 
k precipitates to high fired powders, were examined by scanning 
* 
t electron microscopy (SEM). These studies provided a valuable 
analytical tool in examining morphology of materials and, importantly, 
in determining the reproducibility in this morphology from batch 
to batch. In general, the coprecipitated batc?~es and Zn2Ti04 de- 
rived from them at various temperatures showed good reproducibility. 
Therefore, the photomicrographs which are discussed in the follow- 
ing paragraphs may be considered typical for any batch. 
Shown in Figures 3 . 6  and 3 . 7  are SEM photomicrographs of in- 
dividually precipitated zinc oxalate and titanium compounds. The 
ZnC204 .2H20 particles (Figure 3 . 6 )  are fairly regular in shape 
and appear to be of the order of 2 to 1 0 ~  in size. The titanium 
. . phase precipitate ("TiOX") has a smaller particle size range, 
about 0.5 to 4 p  (Figure 3 . 7 ) .  The particles are somewhat irregular 
. . 
and are not as sharply defined as those for the zinc oxalate. 
Mag. 3,000X 
w 
Mag. 10,000X 
Figure 3 . 6  MICROSTRLCTURE OF ZINC OXALATE 
m 
3 3 - 2 4  
1 
t 
---a ->-- .A 
Mag. 3000X 
w 
Mag. 10,000X 
Figure 3 . 7  MICROSTRUCTURE OF TITA1JIUII PHASE PRECIPITATE 
The caprecipitated material (i.e., the mixture of Zn and Ti ppts) 
ehown in Figure 3, 8 appears to be a mixture of the two ~haqes 
described above. In addition, "aggLomerates" and "needles" can 
be observed. 
X-ray andlyses of ?aterial fired at 600°C generally reveal 
the presence of Zn2Ti04 and ZnG. It is likely that some form of 
titanium compound also exists but it mdy be either amorphous 
or tco fine, to be detected by X-rays. Figure 3.9 e"ows that this 
material consists of extremely fine (submicr-n) particles in eddi- 
tion to larger ones of about 1 to 5 microns. At t : : ~  low calcina- 
tion temperature, the material is quite heterogeneous as might be 
expected of a partially decomposed-reacted mixture. 
After a 900°C firing for 8 hours, Zn2Ti04 with no other X- 
ray detectable phase is obtained. As F'gure 3.10 shows, this 
powder has fairly well-ordered particles in a size range from 
about 0.8 to 5p. The shape of >he particles are angular as opposed 
to rounded. The high fired materials have been identified by X- 
ray as Zn2Ti04, with perhaps 2 ro 49. excess ZnO, which acid leach 
ing experiments have also shown. A 1050°C firing prcduces s 
material (Figure 3.11) which no longer has the fine, submicron 
particles exhibited by the 900°C Zn2Ti04 material (Figure 3.10). 
The average particle size for the 1200°C material (Figure 3.12) 
is even greater. For the 1400°C powder (Figure 3.13) , the 
particle size appears to be in the range of 2 to 6~ with evidence 
of "necking" between particles. The spherical nature of the 
particles suggests an approach to a minimum surface onergy state. 
This review has presented the morphologies of the various 
powders produced via the coprecipitation process as a functton of 
heat treatment temperature. These observations are summarized 
in Table 3.6. 
M a g .  3,060X 
M a g .  10,000X 
Figure . .8 MICROSTRUCTURE OF COPRECIPITATED 
ZINC-TITANIUM COMPOUND MIXTURE 
Mag. 3,000X 
Mag. 10,000X 
Figure 3.9 MICROSTRUCTURE OF 700'~ FIRED 
MATERIAL (LH - 5 2 (6)) 
Mag. 3,ooox 
%+ 
Mag. 1 0 , 0 0 0 X  
Figure 3.10 MICROSTRUCTURE O F  9 0 0 ~ ~  
F I R E D  TllATERIAL (LH-52 (9) 1 
Figure 
Mag. 3,000X 
Mag. 10,900X 
3.11. MICROSTRUCTURE - OF 1050°C - FIRED 
MATERTAL (LH-101(6-10.5)) 
- .  
- .  $'T-Ly.,. ' .  - .  
Mag. 3,000X 
!@ 
Mag. 10,000X 
Mag. 3,000X 
w 
Mag. 10,000X 
Figure 3.13. MICROSTRUCTURE OF 1 4 0 0 ~ ~  
- 
FIRED IfATERIAL (LH-52 ( 6 - 1 4 )  ) 
Table 3.6 
SUMMARY OF SEM ANALYSES OF P I W N T S  PREPARED 
~ U M ~ ~ ~ T A T E D O X ~ L A T E P ~ ( ~ R S ( C ( ~ F )  ------------- 
* 
COP Materials --- Particle Size -- i. Comments 
As Precipitated 
600°C/2 hrs 
600°C/2 hrs + 
900°C/8 hrs 
600°C/2 hrs + 
1050 "C/ 2 hrs 
600°C/2 hrs + 
1200°C/2 hrs 
60OCC/2 lrs + 
1400°C/ 5 min . 
Needle-like , as well 1 .  
as equiaxed shapes. 
Agglomeration, caking 
effect. 
Rounding of particles, 
less agglomeration 
than 690°C material. 
Some necking between 
particles. No 
evidence of submicron - 
material. 
Moderate necking, 
rounded particles, 
no sharp edge effects. 
Strong necking. 
Further rounding of 
particles. 
-  -- - - - - 
* SM = submi cron 
3.2.8 COP Materials for Other Laboratories 
Approximately four pounds of Za2Ti04 were produced by the 
COP method and forwarded to Stanford Research Institute (SRI) for 
their study: 1200 grams of LH-111(6-12) to Mr. Eldon Farley, for 
plasma annealing studies, and 600 grams, to Dr. Kenneth Sancier 
for surface treatment experiments. 
The precipitate was prepared in four batches of approxi- 
mately 1200 gms. each. These batches were designated as LH-107, 
LP-108, LH-109, and LH-110. 
Precalcination (600°C) was conducted on the combined batches 
of LH-107 + L,H-109, and on those of LH-108 + LH-110. The f i n a l  
. 1200°C calcinat ion was performed i n  one large batch t o  produce 
about 2003 grams of Zn2Ti04 pigpent. This was designated as  LH- 
111(6-12), i . e . ,  the mater ial  furnished t o  SRI. 
3 . 3  DECOMPOSITION STUDIES 
------------- 
Coprecipitation by react ing two chloride solut ions with 
oxal ic  acid can produce a s ingle  compound such as i n  the case of 
BaTiO(C204) 2 .  4H20 (Ref. 3.9). Our material  i s ,  as  described e a r l i e r ,  
a mixture of zinc oxalate and "TiOX". In e f f o r t s  to  define more 
c l ea r ly  the prec ip i ta t ion  and thermal conversion processes, s tudies  
were conducted with the individual zinc and t i t a n i m  prec ip i t a t e s  
as  well  a s  with the coprecipitated mater ia l .  
Experimentally, powder samples of z inc oxalate ,  "TiOX", o r  
the mixture were heated a t  temperatures from 120" t o  709°C f o r  
two hours each. Each sampie was heat t r ea ted  using d i rec t  inser -  
t ion  in to ,  and removal from, the furnace a t  temperature, i n  order 
tc, minimize the e f f e c t s  of heat-up and cool-down. The r e s u l t s  of 
the gravimetric analyses a re  tabulated i n  Table 3.7 and graphically 
i l l u s t r a t e d  in  Figure 3.14. The a,!pearance of the powders a f t e r  
hes t  treatment along with the r e s u l t s  of X-ray powaer pa t te rn  
analyses are  presented i n  Table 3.8. These r e s u l t s  a re  discussed 
i n  the following sect ions.  
3.3.1 Zinc Oxalate 
------ 
The zinc compound p rec ip i t a t e  was c l ea r ly  iden t i f i ed  as  
ZnC2O4.2li,0 by X-ray analyses (See Figure 3 . 4 ) .  The thermal 
- 
decomposition of z iq-  xa la te  to  zinc oxtde was determined by 
gravimetric analysis ; be 57.2 - 57.4% weight loss .  The ca l -  
culated loss  based on fornlula weights i s  57.04X. The s l i g h t  
excess i n  actual loss  may be a t t r ibu ted  to adsorbed water. 
Table 3 - 7  
WEIGHT LOSSES FOR ZINC OXALATE, "TiOX" AND 
c O ~ T A T E D  OXA- AS A FUNCTION OF T-URE 
- % wt. Loss 
Temperature, OC 
120 
150 
200 
230 
Coprecipitated 
Zinc Oxalate "TiOX" 3xalates 
100 200 300 400 500 600 700 
TEMPERATURE OC 
WEIGHT LOSS VS TEMPERAI'URE FOR ZINC OXALATE, 
TlTANlUM OXALATE AND MIXED OXALATES 
Figure  3 -14 
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Weight loss as a function of temperature (Figure 3.14) shows L 
slower rate of decomposition for zinc oxalate as compared to 
"TIOX". The weight loss up to 300°C is probably loss of water of 
hydration. Calculations based on molecular weights show the water 
content to be 19.0%, a value to which the experimental deternina- 
tions (Figure 3.14 a d  Table 3.7) correspond well. Beyond 300°C, 
a rapid weight loss is observed, and decomposition is complete 
by 500°C. 
X-ray analyses (Table 3.8) re-vealed the existence of an inter- 
mediate phase in the decomposition of zinc oxalate. The principal 
lines for this phase, termed the "X" phase are 3.70, 2.36 and 
0 
4.13A. "X" was also found in the lower temperature coprecipitated 
oxalate samples (200" and 300°C). The intermediate decomposition 
products of zinc oxalate were rather curious in appearance. After 
the 400°C and 500°C calcinations, the material was gray and lumpy. 
Weight loss data show that this is the range where rapid decomposi- 
tion occurs. The converted zinc oxalate samples which had been 
calcined at 400°C to 700°C all displayed some coloration; however, 
the 600°C and 700°C materials were much less agglomerated than 
the lower temperature materials. The gray to yellow coloration is 
probably due to small amounts of residual carbon produced during 
decomposition. The carbon is, of course, oxidized at higiier 
temperatures. A similar effect has keen observed by ether in- 
vestigators with thorium oxalate (Ref. 1.10). 
SEM sc3mination of the products at 400°C and higher (or 
those undergoing or having undergone decomposition) revealed an 
extremely fine particle morphology. This can be seen by com- 
paring the 300°C and 400°C materials in Figure 3.15 Ths fine 
particle size persists also in the 500°C and 7C10°C p ,dacts, 
as shown in Figure 3.16. 
Figure 3.15. Z I N C  OXALATE DECOMFOSITICN 
PRODUCT AT 300" and 4 0 0 ° C  
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3.3.2 "TiOX" 
-- 
The reac t ion  of TiC14  with H2C204-2H20 i n  an aqueous medium I ,  f y ie lds  a f i n e l y  d iv i Jed  white p r e c i p i t a t e  which i s  designated 
. - 
"TiOX". X-ray analyses of t h i s  mate r ia l  revealed a wel l  defined 
- .  
i powder p a t t e r n  (Figure 3 .4) .  This mater ia l  displayed a weight 
: ?i. 
w 1ch was r e -  l o s s  on conversion t o  Ti02 a t  600°C of 45 t o  467 h '  
. . 
. - producible from batch t o  batch.  Thus, the  molecular weight of 
"TS )'.;" appr l  ; t o  be i n  t h e  range of 145-148, averaging about 
[ r: 147. The an t i c ipa t ed  product i n  t he  r eac t ion  of T i C 1 4  wi th  i 1 :. H2C2d4 would be Ti(C2O4I2 o r  a hydrate of i t .  However, t he  
molecular weight of st:h a compound would be 223.9  o r  h igher ;  t - - -  5 .. t.hus "TiOX" i s  not  a simple oxala te .  Chemical analyses of "TiOX" 
' i 
.: i . - samp'es have revealed carbon contents  of 9 .4  t o  9.8% and a hydro- 
I .  i 
I .  
gen content  of about 2.5%. The c l o s e s t  chemical formula f i t  
4 
+ I would be Ti(OH)2 (Cog) which has a molecular weight of 142. The 
? 1 :  
> < :  
: , i  balance between 142 and 147 can be due t o  water of hydrat ion.  !. i; 
The decomposition of "TiOX" appears t o  occur more r ap id ly  
- 
than t h a t  of z inc  oxala te  (Figure 3.14).  These data  a r e  based 
' -. 
. & 
Z 
.. . 
on a 2 hour hold a t  a p a r t i c u l a r  temperature. A summary of hea t  
$ - -  treatment s tud ie s  of "TiOX" sub jec t  t o  s e l ec t ed  temperatures f o r  
5 * 
i .- varying times appears i n  Table 3 .9 .  The p a r t i c u l a r  temperatures 
r - -  were chosen on the  bas i s  of apparent changes i n  v o l a t i l i z a t i o n  
w - and/or decomposition behavior suggested by prel iminary thermograv- 
*. analyses (Figure 3.17).  
.. The da ta  (Table 3.9)  show t h a t  a f t e r  48 hours a t  150°C a 
- - weight l o s s  of about 8.5% i s  obtained.  The 4 hour weight l o s s  of  
, . 
I rr 8.1% suggests  t h a t  equil ibrium i s  e s s e n t i a l l y  reached i n  a much 
sho r t e r  time than 48 hours. Since the  X-ray powder p a t t e r n  of 
i r 
@ i tnesetwo products i s  i d e n t i c a l  t o  t h a t  of  unheated "TiOX", t h i s  s: i n i t i a l  weight l o s s  can be a t t r i b u t e d  i n  p a r t  t o  phys ica l ly  
11 bound water,  s ince  an anhydrous mater ia l  would exh ib i t  a d i f f e r e n t  $. 
2 c r y s t a l  s t r u c t u r e  from its hydrated form. The 230°C/5 min. pro- 
!: duct displayed an X-ray pa t t e rn  i d e n t i f i a b l e  a s  "TiOX". The add i t i ona l  ; I 
*. 
c weight l o s s ,  i . e . ,  17.4% a t  230°C vs .  8.5% a t  150°C, may be due t o  
Table 3 . 9  
HEAT TREAWNT STUDIES OF "TiOX" 
- 
' I .  i 
Temp. , CO Time 
I50 1 h r  
4 h r s  
48 h r s  
5 min. 
1 h r  
2 h r s  
4 h r s  
5 min. 
1 h r  
2 h r s  
4 hrs 
1 hr  
4 hrs  
1 h r  
4 h r s  
W t .  Loss, % 
6.96 
8.07 
8 . 4 6  
17.44 
39 .93  
4 2 . 2 4  
44.34 
4 3 . 7 3  
44.43 
44.46 
44.89 
45.56 
45.52 
46.66 
46.37 
Phase Present  (X-ray) 
"TiOX1' 
"TiOX" 
"Tiox" 
* 
Ti02 pa t t e rns  i n  a l l  cases , r e  anatase .  Progress ively  g rea t e r  
carysta l l in i iy  and/or p a r t i c l e  s i z e  was ind ica ted  wi th  increas ing  
temperature as r e f l e c t e d  i n  sharper l i n e s .  

additional water loss, to partial decomposition, or to both. The 
absence of titania X-ray lines does not rule out the latter, since 
the amount of Ti02 may be insufficient or the Ti0 may be too fine in 2 
particle size to yield a pattern. At longer times increasingly 
greater weight losses occur. An X-ray study of the 230°C/2 hr pro- 
duct showed it to be the anatase form of Ti02, and the broadness of 
the lines suggested a very fine particle size and poor crystallinity. 
The data for 340°C show that weight losses at this temperature are 
similar to those of the 230°C/4 hr., indicating no additional de- 
composition losses. At 500°C and 700°C, however, slight increases 
in weight loss were observed. This may be attributed to a complete 
oxidation of any residual carbon from the decomposition process, 
since such oxidation begins at about 400°C to 500°C. 
Macroscopic examination of the various decomposition products 
(Table 3.8)revealed a slight yellowing for the lower temperature 
(300"-500°C) materials while the 600°C and 700°C titanias are white. 
As in the case of zinc oxalate, this may be due to burning off of 
residual carbon. Unlike zinc oxalate materials, those derived from 
"TiOX" are all free flowing. Microstructural examination of these 
materials revealed no significant changes in morphology as the 
material decomposed to Ti02 (Figure 3.18-20). Although the higher 
temperature (500" and 700°C) titanias did show a greater uniformity 
in particle shape, they along with the lower temperature products 
were relatively heterogeneous in particle size as well as shape. 
3. 3.3 Coprecipitated --- Material 
- 
As pointed out in an earlier discussion, the coprecipitated 
material is a mixture of zinc oxalate and "TiOX" as confirmed in 
X-ray powder patterns (Figure 3.4). Weight loss on conversion tc; the 
oxides was of the order of 54 to 55%. The weight loss curve for 
the coprecipitate (Figure 3 .14) lies between the curves for the in- 
dividual components, reflecting their different rates of decom- 
position. Essentially complete decomposition has occurred at 
-- - 
-- , -  - .~ - . .- - -  
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1 Figure 3.18 SEM VIEWS OF "TiOX" AS t PRECIPITATED AND HEAT TREATED 
1 AT 1 5 0 ' ~  
REPT:(Q . - I . .  1 3 -45 , 1 ORIGI'; :\ r 
.fl 
9 
\ 
Heat Treated at 2 3 0 ~ ~ 1 2  hrs. 3 .  OOOX 
Heat Treated at 340Uc/2 hrs. 3 , OOOX 
Figure 3.19 GM VIEWS OF "TiOX" HEAT TREATED 
AT 2 3 0 ' ~  AND 3 4 0 ' ~  
I Heat Treated at 500°c/1 hr. 3, OOOX 
Heat Treated at 7 0 0 ~ ~ 1 1  hr. 3, OOOX 
Figure 3.20 SEM VIEWS OF "TiOX1' HEAT TREATED 
AT - - 500' AND 7 0 0 ~ ~  
pnalyses of the various products by X-ray techniques show that 
at 500°C, a mixture of ZnO and TiOt is present. A 600°C/ 2 hr 
heat treatment yields 2n2iio4 plur ZnO in approximately equal 
mounts (judgiw from the X-ray line intensities). A s~gaifi- 
cant result is the'Tormation of ZnZTi04 under relatively moderate 
conditions, testifygng to the highly reactive nature of the ZnO 
with Ti02 andlor their intemediatc compounds formed in this pro- 
cess. 
., 
, The mixed ourlate samples calcined at the various tempera- 
tures are quite fine p.rticlc size m d  da not display the 
aggregation shown by eiric oxalate 'samples. Samples calcined at 
6OO0C and 700°C +re white, although the lower temperature samples 
show some coloration, similar to the "TiOX" materials. 
In SEM examidations , these. materials appear more hetero- 
geneous (Fig. 3 -  21) than might be expected from the appearance 
of the individual oxalate products. There also exist some com- 
paratively large particles. This may be due to interrupted or en- 
hanced grain growth due to the intimacy of the two phases in the 
coprecipitated .material. 
3 . 4  SYNTHESIS BY REACTION SINTERSE 
The reactton synthesis method consists of a physical blend- 
ing of a compound of zinc with a titanium compound, followed by 
heat treatment of the mixture to form zinc orthotitanate. As is 
the case with coprecipltation, decomposable salt precursors are 
used, in order to exploit the highly reactive nature of nascent 
oxide surfaces formed at relatively low temperatures. This 
method offers potential advantages in closer control of starting 
weights of materials and hence, of stoichimetry; the use of 
salts such as carbonates, nitrates, etc.; and the ability to use 
individually precipitated oxalate materials. The control of 
particle size of each of the components offers the potential of  
obtaining optimum particle size in the fired Zn2Ti04 product. 
Figure 3 . 2 1  COPRECIPITATED OXALATES DECOMPOSITION PRODUCTS 
AT 500" AND 703°C. 
The reaction synthesis studies were concerned mainly with the 
use of oxalates as starting materials. Limited experiments 
were conducted with other precursors. The various studies are 
discussed in the following sections. 
3.4.1 Comparison of Mixed Oxalate (MOX) Processir., 
The objective of these studies was to determine whether the 
particle size of the precursor oxalates and the Zn2Ti04 product 
obtained from their calcination, could be controlled. The para- 
meters investigated were calcination temperature and times of 
pretreatment of the coprecipitated (COP) material and of the 
mixed oxalate (MOX) material. The various powders were processed 
as follows: 
1.) Control - oxalate mixture aa coprecipitated, filtered 
and dried (designated LH-103). 2.) Homogenized - LH-103 ground- 
mixed using porcelain mortar and pestle to improve mix uniformity 
and to reduce agglomeration (designated LH-103H) . 3. ) Compacted - 
LH-103H compacted into one inch diameter discs under 5000 psi to 
reduce agglomeration and enhance particle-to-particle intimacy 
(designated LH-103C). 4.) Mixed oxalates - procelaSn ball- 
milling of a ~Irture (to yield a 2.05 Zn0:1.00 Ti!I2/mol ratio) of 
individually precipitated zinc oxalate and "TiOX" (designated 
MOX). Samples of these four sets of materials were calcined at 
600°C for 10 minutes, 1 hour, and 2 hours, by the flash calcine 
prxess, i.e., direct insertion into the furnace at temperature 
followed by removal after the prescribed time period. In addi- 
tion, samples of each set were flaeh calcined at 1050°C for com- 
plete conversion to zinc orthotitanate. 
The results of these studies are shown in Table 3.10. The 
weight losses for the different series calcined for 2 hours at 
600°C were quite similar, i .e. , 53.6%(LH-103), 53.6X(LH-103H), 
53.7%(LH- 103C), and 53.8Z(MOX). Since the MOX series samples 
were also carefully weighed to yield a 1.05 Zn0:1.00 TiOZ mixture. 
these weight loss data suggest a close cpproach to this ratio 
for the coprecipitated materials. 
[ r  . ;  
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T t d q  products were examined using X-ray powder pa t te rn  I .  1 5; 
i ;' 
techniques t o  determine compositions. For the mixtures f i r e d  
a t  600°C, the  r e s u l t s  show the presence of zinc o r tho t i t ana te  
only i n  the compacted sample f i r e d  f o r  2 hours (LH-103(6/2), 
The higher r e a c t i v i t y  shown f o r  t h i s  sample was probably due t o  
the grea ter  intirnacy between p a r t i c l e s  r e su l t ing  from compaction. 
Previous s tudies  conducted a t  600' t o  800°C with the coprecipi- im , 
.. . 
t a t ed  powder had shown the formation of Zn2Ti04 a t  these tempera- 
tures  when the heatup time t o  600°C was about 1 hour. This / !  ; 
suggests t h a t  f o r  a f l a sh  calcinat ion,  the react ion threshold '.. ; 
2 
fo r  COP materials i s  somewhere between 600°C and 700°C. The * i a 1; X-ray s tudies  revealed t h a t  a l l  of the mater ials  f i r e d  a t  1050°C ... _ 
had converted f u l l y  t o  Zn2Ti04. There i s  no evidence of any f r e e  t ?  
. -  '. ZnO, TiOl o r  ZnTi03 to  the  l eve l  detectable  by X-ray. In te res t ing ly ,  i, !
- ,  
the mixed oxalate samples, i n  which p a r t i c l e  intimacy might be .'I 
- 0 ,  i !  
assumed t o  be poorer than i n  a coprecipi ta ted mater ial ,  show ! 
~. , 
grea ter  r eac t iv i ty  a t  600°C as seen by the r e s u l t s  f o r  MOX(6/1) I ' 
i 
and MOX(612). The reason f o r  t h i s  grea ter  r e a c t i v i t y  may be due [ i  j i , -' 
I 
t o  a f i n e r  p a r t i c l e  s i z e  f o r  the MOX a s  compared ,o the COP I ;  I 
materials.  , , ! :. 
> /  ' * !  
, . 
7 ,  I 
The various precursors and calcined products were examined ! " ! 
I t 
using the SEM. The homogenization procedure, i . e . ,  mortar and , i  1 "  ; i 
: I i pes t l e  grinding, did not appear t o  ct'ange the  morphology sub- . ._ , 
s t a n t i a l l y  a s  seen from the SEM views of LY-103 and LH-103H i n  1 :  ' :  I j 
Figure 3.22;' On the other  hand, the MOX mater ia l  exhibited a f i n e r  L ,  I )  . I  I 1 ,f 
p a r t i c l e  s i z e  as seen inFigure 3.23. Also shown i n  t h i s  Figure 
a re  the individual oxalates which appear somewhat coarser than 
a f t e r  mixing (MOX) . This suggests tha t  the b a l l  mi l l ing  does 
cause a t t r i t i o n ,  possibly i n  the breakup of agglomerates. 
Examination of calcined mater ials  shows tha t  the p a r t i c l e  , 
s i ze  differences between COP and MOX precursor mater ials  a r e  re- 2 ;  f ,  - 
&..J 
f l ec ted  i n  the 600°C decomposition products. The microstz-ucture 
of LH-103 (612) and LH-103H(6/2) ('Figure 3.24) were s i n i l a r  a s  was 
the case f o r  t h e i r  precursors (Flgtm 3.22). The appearance of b 
r ;  
1" ." 3-52 
LH- IC31l 
Figure 3.72 .  SEM VlFWS OF COP MATERIALS 4H-103 and LH-1O3H 
Titanium 
Zinc oxalate 
Figure 3 . 2 3 .  SEM VIEWS OF MOX MATERIAL AND INDIVIDUAL 
OXALATE S 
Figure 3 . 2 4 .  SEM VIEWS OF COP MATERIALS CALCINLD AT 600°C 
FOR 2 HOURS 
LH-103C(6/2) was similar to that for the other LH-103-based 
materials. The major departure was the microstructure of MOX(6/2) ) i  ; - ! >  1 6 -  
shown in 3.25; the particle size of this material was signi- 
, , 
ficantly smaller than that of the COP-based materials. These ! 
particle size relationships also carried over to the Zn2Ti04 pow- I 
ders produced at L050°C as seen iriFigum 3-26 cad 3-27. The greater li ; 1 2-( , 
1 
reactivity observed at 600°C for MOX may have resulted from the 
fine particle sizelhigh surface area of the MOX material. [i 1 j 
These studies show that HOX materials are as reactive as COP 
- I  i 
materials and also that a potential exists for achieving a pigment 
- . !  11 1 
of finer particle size. This leads to the MOX studies discussed i i 
" -  * 
in the following sections. i $ 6  ! 
?&+; i 
I 
3.4.2 Particle Si,('_'MOXW Process1 
The mixed oxalate studies were cond.acted to determine if the 
particle size of the precursor oxalates and the Zn2Ti04 obtained 
from their calcination could be controlled. This investigation 
was prompted by the observation that COP materials had a tendency 
toward agglomeration, which might be avoided through mixing of the 
individually precipitated zinc and titanium oxalates. In these 
investigations, three sets of experiments were conducted leading 
to 3 batches designated: MOX, MOX-A and MOX-B. In the preceding 
section we noted that a finer particle size material was obtained 
with MOX as compared to COP materials, both for the precursors 
and the calcined materials. Based on these results, the "MOX" pro- 
cess studies were expanded to cover a broader range of calcina- 
tion conditions. Larger batches (645 grams) of MOX-A and (276 grams) 
MOX-B were used - in contrast to the 23 grams for MOX. The MOX-A 
materials had a ZnO/Ti02 ratio of 1.5:1, whereas the MOX-B and 
MOX had a ratio of 2.05:l. The lower ratio for MOX-A resulted 
from a miscalculation of yield for the mixture. 
r r  1 
' " I  
, ; 
322 3000 X 
MOX ( 6 1 2 )  
Figure 3 - 2 5 .  SEM VIEWS OF COMPACTED COP AND MOX MATERIALS 
CALCINED AT 600°C FOR 2 HOURS 
Plaure 3 . 2 6 .  SEM VIEWS OF COP MATERIALS CALCINED AT 
1050°C FOR 2 HOURS 
41 9 3000 X 
MOX (6-10.5) 
Figure 3.27. SEM VIEWS OF COMPACTED COP AND MOX 
MATERIALS CALCINED AT 1050°C FOR 2 HOURS 
3-59 REPRODVC!"'. ' - ' I v '  I t r  
ORIGINA [, A*. I . ,,. 
The heat treatments used for MOX-A and MOX-B were as follows: 
MIX-A: 900°C - 4, 8, and 16 hours 
1050 "C - 1, 2, 4, and 8 hours 
12OO0C - 0.5, 1, and 2 hours 
MOX- B : 9OO0C - 4 and 16 hours 
1050 O C - 1, 4, and 8 hours 
1200°C - 0.5 and 2 hours 
All samples were first pre-calcined at 600°C to remove volatiles, 
prior to the final flash calcinations listed above. 
X-ray analyses of MOX-A materials using both powder and 
diffraction pattern techniques show the presence of Zn2Ti04 in 
all samples. There is no evidence of any other phase such -as 
ZnTiOg, ZnO, or Ti02. This observation is very significant; the 
1.5 ZnO/l.O Ti02 ratio used should have resulted in a pigment 
with a substantial amount of free Ti02 Analyses of MOX-B 
samples yielded the same results. 
All samples were examined using SEM techniques. MOX-A 
and MOX-B materials exhibited a particle size similar to that 
for COP materials (Figures 3.28 and 3.29). In contrast, the earlier 
MOX material calcined at 1050°C had a significantly smaller 
average particle size. In general the individually precipitated 
oxalates and the pigments obtained from these precursors possess 
a smaller average particle size than do those prepared in the 
COP method. This difference in average particle size may have 
resulted from the ball-milling employed to blend the individually 
precipitated oxalates. COP materials are not ball-milled. As 
pointed out earlier, the batch sizes of MOX-A and MOX-B pigments 
were much larger than the original MOX batch. In the mixing pro- 
cess the ball charge was about 30% for MOX and 15% for MOX-A and 
MOX-B, In addition, the ball-to-powder charge ratio was about 
, 
1:l for MOX whereas it was about 1:4 for the larger batch MOX-A 
and MOX-B. Thus, the smaller MOX particle size could have re- 
sulted from a more rigorous grinding. 
COP 
(LH-103) 
MOX-A 
No. 4 7 3  3OC)OX 
MOX-B 
No. 486 3000X'  
Figure 3.28.  SEM VIEWS OF COP AND YOX MATERIb&LS 
CALCINED AT 60G°C/ 2 h r .  
COP 
(LH-103) 
, .- 
No. 366 3000X 
MOX-A 
No. 468 3000X 
MOX- B 
No. 490 3000X 
Ftguxe 3 . ? 9 .  SEM VIEWS OF COP AND MOX MATERIALS 
CALCINED AT 1050°C/2hr. 
3.4.3 Effect of Ball Milling 
To evaluate the effect of ball-milling oxalate precursors 
( i . e . ,  prior to calcination) on the particle size and optical pro- 
perties of pigments, samples of a COP precursor material and of a 
"MoF' material were subjected to a controlled ball milling experi- 
ment. The ball milling was accomplished using a ball-to-charge 
ratio of 1:l and a ball milling time 02 16 hrs. After ball-milling, 
the samples (LIE-105BH and MOX-A BM) and the control (i. e. , non- 
ball milled) materials were pre-calcined at 600°C/2 hr and then 
calcined at 1200°C/2 hr. 
The ball-milled, uncalcined gowders are somewhat finer than i 
the non-ball-milled powders and have fewer agglomerates. For the 6 
pgiments prepared at 600°C the same relationship exists. For 
the 1200°C calcined materials, the differences are more subtle. -. 
In the ball milled samples, LH-105BM(6-12) and MOX-A BM(6-12), 
the larger particles were about the same size as those in the non- 1 
4 ball millea samples, i . e. , about 3-5p. However, there was de- 
finite evidence of finer particles and of less necking for the BM 
samples, as compared tc the non-ball milied. 
These pigments were sprayed onto IRIF coupons as powders. 
$ 
Diffuse reflectance spectra were recorded in the spectral range 
325-2600nm. Figure 3.30 and 3.31 show these spectra in the 325-500nm 
range; the spectra of the powders in the 500-2600nrn region was 
essentially flat. The pertinent data are as follows: 3. 
t t 
Reflectance - Values 
Pigment - R350 -- R450 Ri-r 
- Coating Wt. gms. 
LH- 105 (6- 12) 62.3 81.8 85.5 .0454 
LH- 105 (6- 12) BM 62.7 84.9 89.0 .0813 
MOX-A(6- 12) 62.3 81.5 86.0 .0710 
MOX-A (6- 12) BM 66.5 84.9 88.5 .0836 
Fig. 3 . 3 0 .  FXFLECTANCE SPECTRA OF LH-105 (6-12) - 
,. BALL MILLED VS PLAIN 
Wavelength, nm 
Fig. 3 .31. REFLECTANCE SPECTRA OF MOX-A (6- 12) - 
BALL-MILLED VS PLAIN 
Wavelength , nm 
The reflectance levels in both the COP and MOX pigments were 
higher for the ball milled than for the non-ball milled, as s h a m  
in Figures 3.30 and 3.31.The obvious differences in the coating 
weights of the samples points to the possibility of higher re- 
flectance due to greater thickness. The increase in reflectance, 
however, was similar for tho two materials, and the much higher 
coating weight difference between LH-105(6-12) and LX-105(6-12) BM 
did not result in a gross increase in any of the R vailep. There- 
fore, ball milling apparently does effect a real increase C;r 
reflectance. 
Pall milling parameters such as ball charge and ba; , .q- 
powder ratio may be quite critical to the blendinglgrindjng pro- 
cess. PartFcle size reduction can be obtained by fairly rigorous 
milling conditions. However, optimum conditions for connninution 
have not been established in terms of their attained effects on 
reflectancf spectra and especially on reflectance stability to 
ultraviolet radiation. 
3.4.4 - Zinc Oxalate Studies 
Studies were conducted to establish a procedure for the pro- 
duction of a finer particle size zinc oxalate. In early etud4ts 
a one hour nold at 9 0 ° C  had been set as a "standard" precipita- 
tion condition for both zinc oxalate (ZnOx) and "TLCX". Pre- 
cipitation of the latter requires suck a condition for complete 
reaction. The mixed oxalate ("MOX" process) studies had revealed 
the follow-ng : 
1.) The reaction between ZnCI2 and H2C204 in aqueous 
solution at 9 0 ° C  results in 8 precipitate of 
theoretical composition (Zn2C204.2H20) and yield. 
2.) The ZnGx precipitate obtained under these "standard" 
conditions is conaiderabiy coarser in particle size 
than the "TiOX".  
3.) in calcinations of "MOX" materials, with all other 
conditions the same, the particle size of the fired 
product, Zn2Ti04, is directly related to the particle 
size of the precursor. 
A finer particle sfze ZnOx is desirable for two reasons: 
first, to obtain precursors of finer particle size and thus, 
also, of the fired product, and second, to obtain improved mix- 
ing of ZnOx with "TiOX". A closer match of the particle sizes 
of the ZrOx and "TiOX" should improve mixing characteristics, 
enhance their reactivity, and increase the uniformity in the 
reacted binary qxide . 
Expei-mental work was directed toward establishing the condi- 
tions necessary for obtaining ZnOx of a fine particle size it 
was theorized that the fairly coarse size of ZnOx from a 90°C/1 
hr precipitation cot1,d result from nucleation and growth afforded 
by the relatively high temperature-long time conditions. Accordingly, 
precipitations were carried out under lower temperatures and 
abbreviated times as show in Table 3.11. Some of these reactions 
were also carried out in alcohol (rather than aqueous) aedia. 
Early work in coprecipitation had shown that an extremely fine 
particle morphology could be achieved in an alcohol system. 
Pzaration Methods 
- - 
The ZnC12 solutions were prepared by dissolvin 50 grams of 4 reagent grade ZnCl in 100 ml of H 0 or in 150 ml o CH OH. The 
reactions were obsarved to be exotaermic. Oxalic acid solutions 
were prepared by dissolving 50 grams H C 04.2H20 iri 350 ml H20 
or in 350 ml of CH OH. These dissolut~o~s are endothermic. For 
experiments in ethkal ar.d isopropanol media the amounts used 
were 25 grams ZnC1, in 100 ml of alcohol and 25 grams H2C2042H20 
in 200 ml of alcohbl. 
The ZnCll solution was reacted with the oxalic acid solutiori, 
with the latter being 10% in excess of the amount theoretically 
required for complete reactic .,. Precipitations in a water medi:un 
were observed to occur rapidly, resulting in rapid opacification 
of the liquid. On cessation o t  stirring, settling of the ZnOx 
occurred within about 10 minutes, leaving a clear supern~.tatant 
liquid. 

Alcohol precipi tat ions exhibit  8omewhat d i f ferent  character- 
-bstics. - fn  a methanox system, Znk' appears t o  form as very f i ne  
p a r t i c l e s .  This is ,evidenced i n  a tranelucent (as opposed t o  
opaque)'appearance of the supernatant, and a l so  by longer times 
fo r  s e t t l i n g  of the sol ids,  In the cases of ethanol and iso-prop- 
anol, a gel- l ike precipi ta te  formed rapidly upon addition of t h e .  
reactants.  The gelatinous nature of the  precipi ta te  caused it  to  
remain i n  a suspended s t a t e  i n  the ethanol o r  isopropanol with 
l i t t l e  se t t l ing .  The ZnOx was recovered by vacuum f i l t r a t i o n  using 
a Buchner funnel system. A l l  p recipi ta tes  formed in  aqueous media 
f i l t e r e d  readily. Of those materials formed i n  alcohol media, 
par t icuiar ly  i n  methanol, a l l  require; r e - f i l t r a t i ons  of the fii-  
t r a t e  t o  completely recover the sa l ids .  This, of course, evidences 
the colloidal  nature of these precipi ta tes .  A l l  materials were 
washed thoroughly i n  water o r  alcohol (the wash medium was the 
same composition as the precipi tat ion medium), u n t i l  a neutra l  pH 
was achieved i n  the f i l t r a t e .  Tne f i n a l  s tep was air-drying i n  an 
oven a t  80°C for  16 hours. 
3.4.4.2 -- C h a r a c t e r i z a t i s o f  ZnOx - I 
In characterizing the various ZnOx precipi ta tes ,  data were ob- 
tained on phase identif icat ion (X-ray), precipi tat ion yield,  pa r t i c l e  
morphology (SEM), and weight loss on thermal decomposition t o  ZnO. 
Analyses by X-ray techniques of precipi tates  obtained i n  water and 
i n  methanol media showed them t o  be ZnC204.2H20. 
The theoret ical  yield i n  the ZnC12 -t H2C204 reaction is  cal- 
culated from a simple molecular weigrlt relat ionship,  i . e . ,  1 mole 
of ZnC12 or 136.28 grams w i l l  produce 1 mcle of ZnC204.2H20 or  
189.42 grams. A s  shown i n  Table 3.11, a 100% yie ld  was obtained 
i n  a l l  of the aqueous media precipi tat ions,  inc ludhg  the 10°C 
experiment (ZnOx/10/60). 
Alcoholic media result in low yields (Table 3.11). Experiments 
were conducted to deternine if ZnC204-2H20 might exhibit a limited 
solubility in alcohol. This was done by stirring ZnC204.2H20 into 
various alcohols for one hour and weighing the dry powder before 
and after this treatment. The results show no detectable 
solubility of ZnOx in methanol, ethanol, or isopropanol, thus rul- 
ing this out as a possible reason for the lo\:: yields. 
SEM photomicrographs show that precipitations conducted in 
water at moderate (room to 40°C) temperatures yield particles which 
are finer than those obtained at "standard", conditions i.e., 
ZnOx/90/60. The finest precipitate was that obtained in a methanol 
medium at room temperature (ZnOx/RT/M- 50) . 
3.4.4.3 --- Calcination Studies 
Percentage weight losses on thermal decomposition of the oxa- 
late precursor to ZnO by calcination of 600°C/2 hrs are also listed 
in Table 3.11. The theoretical weight loss for this reaction is 
57.049,. As the data shcw, the ex~erimental values for the water 
precipitated materials are very close to the theoretical value. 
The alcohol precipitated materials exhibit calcination weight 
losses which are noc as close, ~ossibly due to an absorbed water 
effect. 
Photomicrographs of zinc oxide obtained by thermal composi- 
tion (600°C/2 hrs) of zinc oxalate are presented in Figures 3.32 
througk- 3.35. Among the precipitates, the methanol precipitate 
(ZnOx/RT/M-60) was clearly of finer particle size, and the 
"standard" precipitate (ZnOx/90/60) considerably coarser, than 
the cther zinc oxalates. Among the calcined products, this 
size relationship does not hold for the methanol material, but 
the calcined "standard" material is significantly coarser. The 
materials are all composed of submicron particles with the largest 
size being about one micron. 
a) No.  641 ZnOx/RT ( 6 i 2 )  lOKX 
b) No. 644 ZnOx/RT/ 60 (6/2)  lOKX 
Figure 3 . 3 2  SEM Views of Zinc Oxalate Precipitates  
Calcined a t  600°C/2 hr.  
I 
a) No. 638 ZnOx/40/5(6/2) 1 OKX 
I b) No. 645 ZnOx/40/60(6/2) lOKX 
Figure 3.33 SEM Views of Zinc Ox2late Precipitates 
Calcined at 600°C/2 hr. 
- a) No. 643 
I 
4 
b) No. 642 ZnOx/RT/M- 60 (612) lOKX 
Figure 3.34. SEM Views of Zinc Oxalate Precipitates 
Calcined a t  600°C. 
I a) No. 640 
b) No. 639 
Zinc arthotitanate materials were synthesized byrreacting 
*he d.lfferant zinc oxslate sources with the standard "TIOX" 
powder. Since the above described ZnOx powders were shown to be 
of fiaer particle aize than the "standard" ZnOx precipiteted at 
20°C/hr, a finer particle size zinc orthotitanate was expected. 
A s m r y  of the experiments is presented in Table 3.12. As 
an additional effort to obtain finer particle size materials, 
some of the '%OX" compositions were pre-calcined at 400°C for 
10 minutes and for two hours, and at 600°C for 10 minutes, in 
contrast to the standard pre-calcine conditions of 600°C for 2 
hours. In the decomposition studies (see 3echlon. '3.3) it had 
been shown that decomposition of ZnOx-"TiOX" was essentially com- 
plete after 2 hours at 400°C. Therefore, a finer particle size 
material might be obtained under more nioderate (than 600°C/2hr) 
pre-ca'cine conditions. 
Gravimetric analyses show that after an initial calcination 
at 400°C/10 min., decomposition is i~complete as indicated by 
the wt loss of 22.27%. An additional weight loss of 31.25% 
occurred on subsequent calcination at 900°C for complete deconrposi- 
tion. The other materials calcined at 400°C for a lonqer time 
(2 hrs) underwent essentially complete decomposition. Their 
subsequent weight losses of 1.14% and 1.17% upon calcining at 900°C 
were, however, significantly greater than the values of 0.20% or 
less for the other samples. 
Particle size effects are discussed briefly below, according 
to the three source groups: ZnOx/RT/60, ZnOx/10/60, and ZnOx/ 
Alcohols. A complete analysis of particle size vs precipitation 
parameters is given in IITRI Report C6233-52. 
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ZnOxfRTfbO - A 400°C precalcine temperature produces a 
coarsgr product than does 600°C. This is probably due to in- 
complete deco osition at 400%. Among the 900°C products, the 
"R materials whic had been precalcined at 600°C/2hrs appeared 
somawhat coarser than the others. This indicates that the use 
of more mderate precalcine conditions, i.e., shorter times or 
lower temperature, can provide a finer particle size pigment. 
All of the materials were agglomerated to varying extents. 
This may be alleviated by breaking up of such clusters after 
the precalcine treatment by ball milling, hand dispersion, or 
some other technique. 
ZnOx 10 60  - The difference in particle size as a func- 
-rLt tion o preca cine temperature also appears with these materials. 
The 900°C materials were relatively coarse, the particle sizes 
being larger than those for the previous group. Thus, the use 
of a low temperature (lO°C) precipitated zinc oxalate does not 
appear to offer any advantages. 
ZnOx/Alcohols - The 900/2 Zn Ti0 pigments with alcohol- 
precipitated zinc oxalate as one 8f its precursors have finer 
particle sizes than those with a water-based ZnOx precursor. 
Again, agglomeration is fairly extensive, indicating the possible 
need for comninution of the precursor mixture. 
3.4.5 Use -- of Precursors Other --- Than Oxalates 
i a.
/I . 
The precursor materials which received most extensive study 
were the oxalates prepared in our laboratories, since these 
2' 
materials could be obtained in an extremely fine particle state 
..,.' and in a high purity condition. A limited amount of work was 
devoted to examination of other precursor materials. Listed in 
Table 3.13 are a series of mixtures which were reacted at 1400°C 
in the rapid heat treatment method previously described. These 
mixtures were prepared by dry ball-milling with porcelain balls 
for 16 hr. 
The fired products exhibit varying states of agglomeration 
or sintering, ranging from a relatively soft (as in MOX-27) to 
extremely hard - "clinkers" - (as in MOX-25). From tlie limited 
experiments conducted, it is difficult to determine the cause 
for these dffferences. X-ray examination of the products showed 
Zn2Ti04 in all cases; however, very small amounts of uniden- 
tified phases are evident in the various samples. 
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From this study, oxalates sl~ould remain the choice for ob- 
m taining a pigment with the desired physical and optical properties. 
Because the full range of zinc andlor titanium precursors and their 
combinations have not been considered, nor calcination conditions 
fully explored, this area of study may require additional work to 
L determine its full potential. 
3.5 STOICHIOMETRY STUDIES 
As discussed in Section 3.3.2, MOX-A has a 1.5:l Zn/Ti ratio; 
1 it lacks 0.5 mole of Zn to be Zn2Ti04, but reveals no x-ray evidence 
of any phases other than Zn2Ti04. In order to investigate this 
U anomaly, studies were csn.ducted in which the Zn/Ti ratio was varied: first over the wide range of 0.5:l.O to 2.5:1.0, and, later, over 
il the narrow range of 1.YO:l.O to 2.05:l.O. These studies are de- tailed in the following discussions. An extensive discussion of 
the optical properties of these stoichiometry series pigments is 
presented in Section 4.7. 
! I 1-1 3.5.1 ZnITi Ratio of O.5/1 to 2.511 U The effects of widely different stoichiometries upon the 
17  optical properties of ZnOx/"TiCX" mixtures fired at elevated 
t i  temperatures were investigated. The compositions studied were 
1 -I as follows: 
4 I 
t-J Mol Ratio, Theoretical Composition 
Designation Zn/Ti 
7 
Assuming Zn2Ti0, Formation 
-- Ii 
F1 MIX- C 0.5: /l Zn2Ti04 + 3 Ti02 
U MOX- D 1.0: 1 Zn2Ti04 + 1 Ti02 MOX- E 1.5: 1 Zn2Tid4 + 0.33 Ti02 
MOX- F 2.0:1 Zn2Ti04 
MOX- G 2.5: 1 Zq2Ti04 + 0.5 ZnO 
The individually precipitated oxalates were processed by 
bali-milling, then mixed according to the proport'ons indicated. 
Samples were precalcined at 600°C for two hours, and half of each 
sample composition was subsequently flash calcined at 900°C for 
eight hours, and the other half at 1200°C for two hours. A summary 
of the evaluation studies is presented in Table 3.14. 
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3.5.1.1 X-Ray  Analysis -
X-ray diffraction techniques were use3 to determine the 
chemical composition of the -various sarnp1.e~. As shown in Table 
3.14 %Till4 is found to be the major phase in all samples cal- 
cined at 600°C and higher, while at 600°C zinc metatitanate 
(ZnTiOg) is present (ir. lesser amounts) as a second phase. 
These findings indicate that the reaction favors the formatian 
of the orthotitanate in spite of a zinc deficiency (as Ln MOX-C, 
MOX-D, and MOX-E). It has been reported Wf. 3.8) that forma- 
tion of the hexagonal metaiita~.ate is favored when the Ti02 is 
v eon- of the rutile crystalline modification or at least easil-
verted to rutile. Our work with "TiOX" has shown that anatasz 
is formed from this precursor at about 300°C, and that it per- 
st.sts up to temperatures of at least 700°C. Therefore, ihe 
lack of X-ray indicated presence of the rutile modification 
may sccount for the suppression of zinc metatitanate (ZnTiO ) 3 
formation in favor of i;n2Ti04. 
A third compound reported in the ZnO-Ti02 syst~ . 'ref. 3.8) 
is zinc sesquititanate, Zn2Ti308. This conlpounci A .  a imple 
cubic phase having a lattice constant somewhat smaller than 
0 
that of the face c ,ntered cubic Zn,TiO (8.359A vs 8.456A). 
L 4 
The fact that both phases are cubic ald that the lattice con- 
stants are only slightly different result in almost identical 
d-spacing lices in the powder patterns. However, a sinple cubic 
crystal (Zn2Ti308) will exhibit a greater number of X-ray lines 
than a face-centered cubic material as in the case of (Zn2Ti0 ) .  4 
Such extra lines have been obszrved in the patterns of kCX-F(G), 
MOX-D(9) MOX-E(9), MOX-F(9), MOX-E (12) , and MOX-F(12) , indicat- 
ing the probable existence of the Zn2Ti308 phase in these 
materials. This is a qualitative and not a quantitative observa- 
tion. 
The occurrence of Zn2Ti308 i n  MOX-F(6) , MOX-D(9) , and MOX-E (9) 
would appear reasonable i n  tha t  MOX-F(6) is  not  completely reacted,  
and MX-D(9) and MOX-E(9) a re  zinc def ic ient  compositions. MOX-F(9) 
and MOX-F(12). however, have Zn/Ti r a t i o s  of 2 : l  so t h a t  the X-ray 
indicat ion of Zn2Ti308 along with a negative indicat ion of ZnO 
(except i n  MOX-~(6)) i s  somewhat puzzling. I n  addition Dulin 
and Ease (ref. 3.7) reported tha t  Zn2Ti3O9 is  transformed t o  Zn2Ti04 + 
Ti02 a t  1000°C, and thus the existence of Zn2Ti308 ir. MOX-E(12) 
appears anomalous. The more de tar led  s tudies  which were performe. 
subsequently suggest t h a t  t h i s  i s  the ac tua l  behavior and t h a t  the 
formation of Ti02 i n  moderately Zn-deficient mater ials  should not 
be expected. The 900°C r e s u l t s ,  discussed below add fur ther  
evidence t o  t h i s  fmding.  A t h i r d  phase, ZnO, was detected i n  two 
of the 600°C materials,  MOX-F(6) and MOX-G(6), probably because 
a t  600°C/2hrs the reaction i s  not complete. The lack of aily 
detectable Ti02, however, may be due t o  i t s  presence as  extremely 
f ine  c r y s t a l l i t e s  which would not be within the s e n s i t i v i t y  rango 
of tSe X-rays. 
A t  900°C, Zn2Ti04 i s  the major phase i n  a l l  samples - but 
with evidence of some Zn2Ti308 The metat i tanate ,  ZnTi03, was 
observed oniy i n  MOX-D(9), suggesting tha t  i t s  conversion t o  the  
or thot i tana te  had occurred in  the other  samples. A very iinportant 
observ..tion i s  t h z t  MOX-E(9) does not contain any Ti02 phsse. 
Relative t o  Zn2TiOG, the 1 .5  to 1 r a t i o  of Zn t o  T i  f o r  ?lo!:-E 
would suggest an excess of TiO,, but none was detected.  The 
C 
same observation was made i n  the case of MOX-A, which i s  of a 
s imilar  composition. As discussed l a t e r ,  t h i s  absence of Ti02 
i s  confirmed i n  the op t i ca l  propert ies  analyses. 
A t  1200°C, MOX-C (12) and MOX-D(12) show excess Ti02 as  
would be expected from t h e i r  zinc def ic ient  compositions. As 
was the caGe a t  900°C, the MOX-E and YOX-F samples show only 
Zn2Ti04 - no T i 1 2 .  The zinc excess i n  the MOX-G composition 
shows up c lear ly  as  ZnO i n  the x-ray analys is .  
3.5.1.2 - Gravimetric Analysis 
Upon thermal conversion, all samples calcined at 600°C under- 
went weight losses of 45 to 48%, corresponding to calculated 
theoretical decomposition losses. Weight changes were also deter- 
mined for material calcined at 900" and 1200°C, and these data 
appear in Table 3.13 and are graphically presented in Figure 3.36. 
The data show the highest weight loss, about 1% for the HOX-C(12) 
material. A minimum can be observed for MOX-E and MOX-F materials, 
and a slight increase for the excess zinc MOX-G samples. There 
does not appear tc be a strong difference between losses at the 
two temperatures. The observed minimum suggests that materials at 
or near the stoichiometry of Zn2Ti04 exhibit the smallest weight 
losses. The MOX-E and MOX-F samples also show a strong predominance 
of Zn2Ti04. The higher weight losses occur in those materials in 
which Ti02 or ZnO was detected. Thus, weight loss appears related 
to completeness of reaction. 
Note that the weight losses were quite small, indicating very 
limited volatility for either the excess Ti02 or ZnO. The facts 
that the Ti02 shows up as a very minor phase (in X-ray patterns) 
in MOX-C(12) and in MOX-D(12), and not at all in MOX-E (12) in which 
a 0.33 mol excess of Ti02 should exist make it clear that various 
Zn0.Ti02 or titanate complexes are favored over the formation of 
Ti02 in mixtures which are moderately Ti-rich relative to Zr2Ti04. 
3.5.1.3 --- SEM Analysis -
Examination of SEM photomicrographs of the materials calcined 
at the three temperature levels have reveal the following: 
1. All samples heterogeneous; aggloaerates and discrete 
particles with a range in particle size and shape. 
2. Trend toward finer particles and less agglomeration 
with increasing ZnITi ratio. (Sce Figures 3.37 and 
3.38). 
~ n l  Ti RATIO 
Fig.3.36 % WEIGHT LOSS VS STOICHIOMETRY OF PRECALCINED 
PIGMENTS 
a) 581 MOX-C (6):0.5Zn/lTi 3000X 
Figure 3.37. SEM Views of MOX Stoichiometry Series Samples 
Calcined at 600°C/2 Hrs. 
b) 584  MOX-G ( 6 )  : 2.5ZnI li'i 3000X 
Figure 3 .38 .  SEM Views of MOX Stoichiometry Series Samples 
Calcined at 60OCC/2 Hrs. 
At 900°C: 
--- 
1. Similar trend in particle size and state of 
agglomeration. MOX-G(9) appears to have 
particularly fine particles. 
2. All samples contain submicron particles. Largest 
particles, about 2p. (See Figures 3.39 and 3.40). 
At 1200°C 
----- 
1. All samples show necking and sintering of particles. 
2. Particle size is significantly greatzr than for the 
900°C samples. MOX-C (12) and MOX-D(12) contain 
some submicron particles. MOX-E (12) . MOX-F(12) , 
and MOX-G(12), about 1-5p. 
3. MOX-C (12) and MOX-D (12) particles exhibit sharper 
edges, whereas the others have rounded edges. 
The necking appears weaker fol: MOX-C(12) and 
MOX-D(12) compared to the others. (See Figures 
3.41 and 3.42). 
3.5.1.4 Summary 
The most significant result of these experiments was the 
conclusion from X-ray data that relatively pure, single phase 
Zn2Ti04 is produced over a wide stoichimetry range of Zn/Ti 
mole ratio, viz., from 1.5:l.O to 2.0:l.O. This is difficult 
to understand for the 1.5:l ratio since a definite excess of 
Ti02 (0.33 mols) should exist. However, the optical spectral 
also contain no evidence of Cree Ti02 in MOX-E material. This 
is consistent with and confirms identical observations made in 
the case of MOX-A materials. Reflectance spectra suggest a pure 
Zn2Ti04 for MOX-E(12) and a somewhat less pure material for 
MOX-E(9). Detailed analyses of optical data appear in section 
b) 586 MOX-D(9) Zn/Ti = 1 . 0 : l . O  3 OOOX 
F i g u r e  3 . 3 9 .  SEM V i e w s  of MOX S t o i c h i o m e t r y  S e r i e s  S a m p l e s  
Calcined a t  900°C/8 Hrs. 
MOX-F (9) 
Figure 3.40. SEM Views of MOX Stoichiometry Series Samples 
Calcined at 900°C/ 8 Hrs. 
Figure 3 . 4 1 .  SEM Views of MOX Stoichiometry Series Samples 
Calcined a t  1200°C/2 Hrs. 
BIPRODUCIBILITY OP r I I I., 
3- 90 ORIGINAL PAGE IS 1'0c 11: 
585 MOX-F (12) Zn/Ti = 2.0: 1.0 3000X 
Figure 3.42. SEM Views of MOX Stoichiometry Series Samples 
Calcined at 1200°C/2 Hrs. 
occur, which might otherwise explain this absence, 
3-,:;"&/ 
.*>-y 
. ,a 'a g=$.$ 
The stoichiometric compositions of the pigmente arr. very un- 
likely ro differ significantly from those experimentally designed; 
thus, a composition in which the Zn/Ti mole ratio in the "oxalate" 
precursor mixture is 1.5 : 1.0, for example, should maintain through 
calcination. First of all, from the weight lose data we can 
argue very strongly against any substantial changes in-theZn/Ti 
ratio upon thermal conversion of the oxalate mixture to the titanate, 
Furthermore, the presence of the sesqui-titanate phase in some 
pigments raises the distinct possibility that the absence of Ti02, 
in the MOX-E material, for example, occurs because the formation 
of Zn2Ti3O8 is energetically favored. 
c; 
- ~. 
?- $?. 
*g* i'pp 
B $,*f $3 
. . 
i t . '  
Zinc sesquititanate (Zn2Ti30g) has the same crystal struc- 
ture as Zt2Ti04, but it has a slightly smaller lattice parameter, 
0 
a. 
( 8359A vs 8.456A). Since these cumpounds have such similar 
lattices, distinguishing them by X-ray analysis is difficult, 
particularly in fine powders where line broadening occurs. Care- 
ful analyses of the back-reflection patterns of the MOX-E plg- 
ments, except for a positive indication of ZnO, indicate the pre- 
4 . 7 .  Gravimetric data also show that the weight loss encountered 
at 900°C (i.e., 0.20%) ia much too small to indicate a loss of 
material such as Ti02. Furthermore, the vapor pressure . ~ t  Tt02 
at these temperatures is far too low for any volatilization to 
sence of Zn2Ti3o8. The presence of the sesquititanate and 
simultaneous absence of ZnO in all samples, except in MOX-F(6), 
: i 
i 1 further emphasizes the complex nature of the thermo-chemistry of 
I the oxalate-titanate system. ; I 
Our previous assumption, for the oxide-oxide reaction, thst 
an excess ZnO composition of 2.05 Zn/1.00 Ti is necessary for 
obtaining Ti02-f rec Zn2Ti04 (ref. 3.3) obviously does not apply to 
the oxalate precursor methods. These studies show that Zn- 
deficient oxalate ?recursors with e Zn/Ti ratio of 1.5:1.0, when 
calcined, will produce a material exhibiting excellent reflectance, 
similar to that for a pure Zn2Ti0 MOX-A materials, however, 
I 
j 
4' 
demonotrate poor stability to ultraviolet irradiation in vacuum. 
From the results of MOX-A space simulation tests, we can reason 
that stoichiometries with a Zn/Ti ratio as close as poss5ble to 
(but less than) 2.0:l.O would be ideal, because they would re- 
sult in pigments with no ZnO excess, no Ti02 excess, and a minimum 
of less stable titanate species. 
3.5.2 @/Ti Ratio of 1.30/1 to 2,05/1 
In light of the above observations, very definitive stoichio- 
metry studies, in which reflectance properties are correlated in 
terms of Zn/Ti ratios (in the production of Z I E ~ T ~ O ~ ) ,  were carried 
out. A closer approach to a 2.0:l.O ratio of Zn/Ti seems desir- 
able in that the ZnO "knee" in the absorption edge could be 
eliminated, thus resulting in a lower as pigment. 
Experiments were conducted with four Zn/Ti ratios: 1.90:1.00, 
1.95:1.00; 2.00:1.00, and 2.05:1.00. Starting materials were 
"TiOX" precipitated under 90°C/1 hr conditions and zinc oxdate, 
40°C/l hr. Mixtures were ball milled dry for 16 hours using a 
33% ball charge and a 50% total charge. Examination of materials 
after milling showed that some caking had occurred which could 
have resulted in poor mixing. 
The weight loss data axe shown in Table 3.15. All of the 
oxalate mixtures (of each stoichiometry) were calcined at 600°C/ 
2 hr. One half of tht xixture was then calcined at 900°C/2 11r 
and the other at 1200°C/2 hr. 
3.5.2.1 X-Ray Analysis 
-
All of the stoichiometry samples were evaluated using X-ray 
analyses. Zinc orthotitanate was the major phase in all of the 
samples. The results can be summarized as follows: 
1. 600°C - Zn2Ti04 plus small amounts of ZnTiOg and 
ZnO in all samples. No evidence of TiOp 
2. 900°C - Zn2Ti04 with very faint evidenc~ of ZnO in 
2.00:1.00 and 2.05:1.00 Zn/Ti samples, estimated to 
be less than 4%. No other phases. 
3. 1200°C - Same as ?OO°C. 
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3.5.2.2 Gravimetric Analysis 
The weight losses for the various samples after a 600°C/1 hr 
calcination were somewhat higher than the theoretical values 
(Table 3.15). The theoretical values are assumed on the bt- 2s of 
a 57.04% loss in the reaction ZnC204. 2~~&Zn0, and 012 a 46.73% 
loss in the reaction "T~ox"c-&T~o~. 'he increasing trend in 
weight loss with higher Zn/Ti ratio, both for the theoretical 
and actual date, is consistent with the greater weight loss far 
the zinc component, 57.04% (vs. 46.73% for the titarrim component). 
Very small weight losses occurred following the 900EC and 3 1 
the 1200°C calcination?. It can also be seen that the relation- 9 
ship of increasing weight loss with increasing -n/Ti rati.9 holds 3. i 
a 
at these higher temperatures. These losses may be due either to a 
them31 desorption of chemi-sorbed water and/or to completion of 1 L 
- * 
7T the decomposition process. The latter appears to be valid in 2 r 
, &j 3 
- 'view of the increasing weight loss versus the increasing Zn/Ti 
ratio relationship. Water aesorption differences due to stoichio- *I 
$ % metry changes are unlikely. m. 
..it 
$ 4  
3.5.2.3 -----. SEM A n a l ~ i s  -- 
8 
The particle sizes indicated by SEK photomicrographs of 
as-mixed materials are fairly large. This is most likely due to 
the zinc oxnlate size of about 0.5-3 microns and also to some 
agglomeration which occurred during calcination. The materials 
after a 600°C/2 hr calcination were all extremely fine (sub- 
micron) i.n size. The diminution in size from a coarser precursor 
occurs when an oxalate (mixture) decomposes to an oxide with a 
sribstantial weight loss. 
Calcination of the 60G°C precursor at 900°/2 hr a:~d 1200°C/ 
2 hr to obtain Zn2Ti04 resulted in coarser particles. Whereas 
a fairly high ?ortion of the 900°C materials is submicron %n 
size, the 1200°C calcination process causes a noticeable grsvzh 
of the pigment particles. There appear no submicron particles 
in the samples calcined at 1200°C. Accordingly we believe 
that a temperature lower than 1200°C may be required to retain s 
1 '* 
population of submicron particles. Since in this preliminary study, 
I ,; 
we did not use the finest particle size oxalates, this observation I - .  
is not conclusive. 
3.6 NEW PIGMENT MATERIALS STUDIES 
The sthbility of 290 and Zn2Ti04 pigment prompted an interest 
early in this program in other mixed oxides incorporating zinc i 
oxide. The high extinction of ZnC! should preclude the creation of 
ultraviolet-induced bulk damage in the second oxide, whether it 
be tied up as a compound or in solid solution. Other materials 
e x d n e d  very early fn the program include a series of glass 
hits, which are the glassy precursors for enamels. In other 
stv.diea at ZITRI, ths stability of enamels to ultraviolet-vacuum 
had been clearly established; 'with this background, a preliminary 
look at frita as potential pigments was deemed apdropriate. De- 
tails of these studies appear in the following sections. 
3.6..1 ZnO-Zfl2 System 
Studies of the ZnO-Zr02 systems have been aade by von 
Wartenberg @ef. 3.11) and by Dtetzel (Ref. 3.12). The former has 
reported a melting diagram for this system exhibiting a flat 
"eutectic" at 1810°C. Dietzel, who investigated the system at 
temp~ratures up to 1450°C, concluded that zinc zirconate does 
noc exist as a congruent melting material. He found that there 
is no cubic structure at 1450°C, and, consequently, that ZnO 
does not behave as a stabilizer as does CaO, M g O ,  or Y203 
The possibility, however, exists for solubility of ZnO in Z r 0 2 .  
In order to determine the existerlce of "ZnZr03" and/or 
the extent of ZnO solubility in Zd2, we conducted experiments 
to react the oxides at 180QCC. Mixtures of Zr02 Wd. Chang 
Reactor Grade-S) and ZnO (New Jersey Zinc SP 500) were dry- 
milled for 16-hours using porcelain balls. The three composi- 
tions (T.tble 3.16) vere pressed into pellet? at 10,000 psi to in- 
s u e  powdez particle intimacy, and fired at 180C°C, one in a 
slightly reducifig (CO' atmosphere and the other in a static air 
I environment. The heating times to temperature were 10 PDfn and 
1 45 m i n ,  and soak times at 1800°C were 30 min and 5 min respec- tively. The abbreviated heat treatments, both in heat-up and 
soak times, were employed to minimize loss of the zinc oxide 
through disproporti~nation. 
I 
TABLE 3.16 
COMPOSITIONS FOR ZnO-Zr02 STUDIES 
Mo1 X ZnO wt X ZnO Vol X ZnO 
25 18.0 18.3 
50 39.8 40.2 
75 06.5 66.9 
The sampJ.es fired under reducing (CO in graphite tube fur- 
nace) conditions revealed a black outerlayer and a somewhat gray- 
5 ish interior. The black surface probably resulted from carbon de- 
position during the firing. The 25 and 50 rnol X ZnO samples 
appeared somewhat sintered whereas the 75 mol, % ZnO sample was 
quite soft and friable. All samples exhibited delaminations, 
suggesting a gross loss of 2110. X-ray analyses by powder pattern 
techniques revealed monoclinic Zr02 with no ZnO. 
H Samples fired under a static air environment remained white and exhibited fairly ~ o o d  retention of physical dimensions. The 
i weight losses for ~ h e  samples are; 25 mol % - 5.6%: 50 mol  % - 3.7%; and 75 rnol % - 0.8%. The low value for the 75 rnol % 
ZnO is probably due to its being somewhat cooler (approximately 
I 1700°C) during the heat treatment. Based on the starting weight 
percentages of 18.0, 39.8 and 66.5"(.~&1e 3.16), it is apparent 
I that ZnO was retained in all three compositions. Examination of the static air-fired materials using X-ray techniques reveals 
I that the 25 ma1 X ZnO sample l s  monc:linic Zr02 with no ZnO; the 50 rnol I ZnO, monoclinic Zr02 plus some ZnO; and the 75 rnol X 
I I ZnO, monoclinic Zr02 plus ZnO. The lack of ZnO line? in the 25 rnol % sample contrasts with the weight analysis which indicates 
that the remaining ZnO content is % 14.1 wt 5 in the fired 
' I 
. , 
sample, an amount which should have resulted in a ZnO pattern. 1; !, 
Some of the ZnO may have gone into solution in the Zr02 lattice. 
I 
Froin the preliminary x-ray analysis, however, no lattice shift 
I 
! 
was observable. i i 
i 
3.6.2 Ultraviolet-Vacuum Irradiation Studies 
Twelve potentially-stable white pigments, including the fired 
ZnO-Zr02 samples, were irradiated in IRIF Test 1-43 at six suns in- 
tensity to a total ultraviolet exposure of 575 ESH. The pre- and 
post-test spectral hemispherical reflectance curves were studied 
to determine whether the materials have acceptably low solar ab- 
sorptances and whether they are sufficiently stable. Table 3.17 
lists the samples along with spectral reflectance values at se- 
lected wavelengths before and after irradiation. Solar absorp- 
tance values were not calculated since it is obviaus that mast of 
the materials are unstable and few have solar absorptcince (c ) S 
values competitive wit-h currently available stable systems. 
The untreated connnercial materials, zinc borate, zinc silicate 
and zinc stannate (obtained from Alfa In~rganics), exhibit high . . 
a values and, with the exception of zinc borate, poor stability. 
s 
Of the Pemco frits, only No. P-1A44P was reasonably stabie. The . . 
frit, No. P-1805P, obviously is very attractive from the stand- 
point of its initial as value, but can not be considered further 
because of its very poor stability. The IITRI zinc zirconate 
powders were prepared by a solid-solid reacticn at 1800°C for 5 
min. They exhibited poor as values and serious instability. 
After being subjected to brief ptlrification and calcination 
treatments, some of the more promising materials from che test 
previously discussed were subjected to 1200 ESH in IRIF Test 1-45. 
Table 3.18 lists the pigments, their treatments, and the solar 
absorptance values. 
k' . ' 3 -  > '. .,.  - .  
r 1  --. -.____I_.__Y , :. . - - .  -I, B 
' ,L 
I 
I 
i Table 3.17 SPECTRAL REFLECTANCE VALUES BEFORE AND AFTER 
I l3L-m-s Wavelength, Microns 6.4 - 0.5 0.6 0. / 1.0 
- - - - 2.0 2.6 - -
1 IITRI Zinc Zirconate Powders 
25 wt% Zn0/75 wt% 78.9 89.5 92.8 93.2 93.7 95.9 97.2 
i z*2 68.6 81.9 87.4 90.2 92.9 95.9 97.2 
50 wt% Zn0/ 50 wt% 77.1 88.0 91.3 91.9 92.0 93.2 95.1 
Zr02 65.0 80.2 86.9 89.3 91.5 93.2 94.5 
75rtXZn0/25wtZ 74.8 83.4 85.2 85.6 86.1 89.2 91.8 
z*2 63.8 75.7 80.6 82.6 84.2 88.8 94.5 I Untreated 
Commercial Materials 
I Zinc 80.0, * 81.0 80.8 80.2 88.2 70.5 50.7 
Borate 74.0 79.8 79.4 79.8 88.0 71.9 51.2 I Zinc 84.0 82.3 79.9 78.0 74.3 69.5 62.0 
Silicate 59.0 69.2 73.3 74.4 72.8 69.0 60.7 
' 5 I zinc 80.5 87.0 88.8 89.2 87.2 67.3 49.8 
S tannate 63.2 80.1 85.8 87.3 86.4 64.0 45.7 
f Pemco Frits 
P-1805-P 88.5 88.8 88.6 88.4 87.2 89.5 84.5 
I 72.0.81.2 84.7 86.6 87.2 88.6 84.5 P-1P32P 79.9 89.1 88.9 88.3 86.0 81.9 77.0 
65.5 80.5 84.5 86.0 85.3 81.9 77.0 
I P- 1A43P 80.6 82.9 82.4 81.8 80.9 83.5 84.5 
70.6 79.0 80.7 80.9 81.0 83.5 83.9 
The spectral reflectance values before and after 575 ESH of W 
I irradiation are the upper and lower figures, respectively, in each set. 
TABLE 3.18 
SOLAR ABSORPTANCE VALUES OF 
NEW PIGMENTS BEFORE AND AFTER 1200 ESH 
... . 
Solar Absorptance 
12CO ESH ; I Sample Initial I &-.A : .
Untreated Zinc Borate 0.203 0.236 0.033 
Zinc Borate, 500°C/8 hr 
Zinc Borate, 700°C/8 hr 
Zinc Borate, 900°C/8 hr 
Pemco Frits 
No. P-U43P 
No. P-Lf*ri.4P 
No. ~-1A44~, 400°C/4 hr 
3.6.3 Conclusions -
None of the new pigments tested received further consideration 
during this program because of their limited stability. Zinc borate, 
even though its initial properties greatly improve with a 900°C cal- 
cinazion, suffers severe degradation. The Pemco frits likewise have, 
or can be treated to have, good initial properties, but they lack 
ultraviolet radiation stability. In general, none of the new pigments 
tested, if made into paint systems, would compete successfully with 
available ZnO or Zn2TiOg paint systems. 
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4. ENVIRONMENTAL TESTING 
4.1 INTRODUCTION 
Irradiation testing with simulated space radiations 
provides a means of evaluating experimental materials 
for space applications. Irradiation testing, the largest 
single program effort, affords us the ability to compare and 
evaluate the properties and performance of candidate materials 
and methods of preparing them. It also allows valuable 
insight into the mechanism by which they interact with 
radiations as well as, in many instances, a clear indication 
of the ultimate merit of a particular material or method. 
During the course of the program a large number of 
environmental tests were performed and a greater number of 
reflectance spectra taken. We believe that what we have 
elicited from these tests can be presented here t~ithout 
exhibiting all of the data obtained. We will present those 
data which best represent test conclusions, exemplify general 
observations of properties and performance of materials, or 
which have significant merit on their own. The bulk of 
the test data otherwise tend to be supportive. 
Much of the discussion about the properties and performance 
of candidate materials deals with the spectral reflectance 
of the samples before irradiatio~, after exposure(s) to one 
or more radiation sources, and, frequently, after exposure 
to oxygen (subsequent to irradiation). 
Of all the tests performed on candidate thermal control 
materials, the most meaningful and most important are the 
simulated space radiation tests and their associated diffuse 
spectral reflectance measurements. Largelv the irradiation 
tests are comparative; the unpredictable agrng behavior 
of light sources, inherent measurement errors and many other 
considerations make absolute determinations of radiation 
exposure and other test parameters difficult and costly 
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beyond value. Although we attempt to operate every irradiation 
test such that realistic space simulation conditions prevail, 
it is also important to assure that the samples selected 
for any given test each "see" exactly the same environment. 
This condition validates intra-test results and makes them 
readily comparable. Consequently, many of our tests, 
especially in CREF, are designed to provide a maximum of 
comparative perfcrmance data, so that the effects of 
various pigment adhinder a reparation variables can be 
discerned. Comparison of inter-test results, however, is 
also entirely valid; one has only the uncertainty that exactly 
the same test conditions (if this indeed even be important) . 
have been attained in all tests. The use of a control sample 
is called for in those instances in which direct inter-test 
comparison is essential. In essence, however, more confidence 
can be and usually is placed in the comparison of data 
resulting from a single test than in the comparison of data 
from separate tests, even with adequate control sample data. 
4.2 INTERPRETATION OF SPECTRA 
This report contains a considerable number of reflectance 
spectra. Let us explain their purpose and significance 
as well as what to look for in analyzing them. The task 
of analyzing reflectance spectra requires a considerable 
knowledge of coatings technology. The most significant 
inLormation is derived by comparing the "before" and "after" 
curves of a given sample, and by noting the magnitude of 
induced changes and their spectral locations. Since it is 
neither practical nor entirely necessary to assure that each 
and every experimental coating is thick enough to be opaque 
at all wavelengths of interest, the possible differences 
in thickness between samples must be taken into account 
when comparing test results. Many of the coatings in- 
vestigated are powders, i.e., thin films of pigments on test 
coupons and, depending upon pigment preparative conditions, 
the maximum attainable thickness may not produce optical opacity 
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Figure 4-1 illustrates several spectra of Zn2Ti04 
k 
pigments and we will discuss' their meaning here in a general :i 
way. These curves, though arbitrarily drawn, are nevertheless 
quite typical. Our discussions and analyses of them I : exemplify those of actual test data, but are not intended to i - 
take the form of conclusions or summaries of results. The i .  ! 
curves, labelled 1 thru 3, each display characteristics S-band ; i 
damage in the 900 nm wavelength region. The dashed curves I .  ! 
represent the spectra aftcr UV irradiation. In one case 
(No. 1) we \ave also shown the oxygen bleach spectrum. 
The spectra of pigment No. 1 indicate a large pigment 
particle size because the maximum reflectance apparently 
occurs at a wavelength beyond 2600 nm. Pigment No, 2, from 
an analysis of its initial reflectance, appears to have 
suffered a major loss in reflectance in the 900 nm region 
(S-band) as a result, perhaps, of some processing condition. 
The third pigment apparently has a very small particle size, 
as determined by the s+eady reflectance loss with increasing 
wavelength. All Zn2Ti04 pigments have high reflectances 
in the near W region because of the high index of refraction 
of Zn2Ti04 near the fundamental absorption edge. The shape 
of the reflectance curve in the 350-450 nm region is determined 
by a rapidly increasing index of refraction with decreasing 
wavelength and a steep increase in intrinsic absorption 
as the fundamental band gap energy is approached. The 
spectra of the first pigment reveals the possible presence 
of excess ZnO. Those of pigment No. 2, however, virtually 
prove its presence with the appearance of the characteristic 
free carrier absorption (in the i-r). 
The exact value of Ak, i.e., the wavelength of the "knee" 
of the curve, provides a further indication of whether the 
absorption is due to ZnO, or some other strong UV absorber; 
the value of Rk (at A = h k )  provides an indicaiion of 
how much is present. Thus the shaded area below Ak represents 
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loss in reflectance due to such an absorber. The top 
(dotted? curve is the spectrum of pere Zn2Ti04. The 
shaded area illustrates, from an engineering point of view, 
the importance of this region to as, but more importantly 
ft underscores the tremendously vsluable information available 
- 1 ;  
through analyses of the spectra in this region. ! j I 
t .. 
. < We observe that Zn2Ti04 pigment frequently degrades :I : 
I I, 
- 
by induced S-band absorption, i.e., a reflectance decrease 
in the 900 nm region; "damage", (i.e., environment-induced 
reflectance decreases), also occurs at shorter wavelengths. 
In some cases W-induced damage at wavelengths greater than 
2000 nm results. 
Zn2Ti04 paints also exhibit damage highly characteristic 
of their pigments. This is because the environment- 
induced damage in the 01-650 paint binders centers at 
wavelengths shorter than 300 nm. Consequently, the strong 
absorption of Zn Ti04 below 350 nm will inevitably mask the 2 
damage to the binder. In severe cases binder damage does 
become evident as an apparent bro41dening of the fundamental 
absorption band of Zn2Ti04. The spectra also make it obvious 
when the 01-650 binder sensitizes the pigment surface, 
% d causing greater S-band damage (at 900 nm) than occurs in the 
: 1 .,' 
'. 
i pigment alone. From the effects of O2 bleaching on paints 
* i 
;. t and pigments, we have a direct measure of pigment surface ! : .  passivity. In untreated pigments, the response to 02, 
1 after irradiation, inversely relates to pigment surface 
> 8 '  
! i :  inertness, whereas for treated pigments this response provides 
; 
a measure of the effectiveness of encapsulants on chemical 
treatments. 
Ultimately, of course, we seek to develop a pigment- 
binder system which totally resists environmental damage. 
The analyses of spectra are therefore aimed at identifying 
the basic causes of degradation and at eliminati.~g them 
without in the process creating others. Our philosophy 
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in these analyses is that the major effort should be to 
eliminate bulk optical damage, evidenced primarily in the 
visible region, because whatever surface instability remains 
or is created can, at least theoretically, be effectively 
overcome by surface chemical treatments - encapsulants. 
4.3 EQUIPMENT AND FACILITIES 
Irradiation with simulated space radiation, both electro- 
magnetic and massive (particulate) is accomplished in IITRI's 
two space simulation systems - IRIF and CREF. The facilities, 
UV sources, Standard Operating Procedures, test terminology 
and sample ndtation scheme are described below. 
4.3.1 Irradiation Facilities 
The IRIF, an acronym for "In-Situ Reflectance/Irradiation 
Facility1' is a multiple-sample ultraviolet-simulation facility 
possessing in-aitu hemispherical spectral-reflectance-measure- 
ment capabilities. CREF (Combined Radiation Environment 
Facility) is ba~ically an IRIF to which has been mated a 
solar wind simulator and several other specialized equipments. 
The basic measurement in both facilities is that of diffuse 
spectral reflectance in the 220 - to 2600 nm wavelength 
range. These facilities are described fuily in Reference 
1, but some pertinent information is provided here. 
Both facilities incorporate an integrating sphere, patterned IIL 
after one described by Edwards et. al. , (Ref. 4.2), and modified 9* 
for use with the Beckman DK spectroreflectometers. The 4~ 
integrating spheres normally operate in vacuum. A sample 
transfer mechanism, during irradiation,maintains each sample 
in contact with a temperature-controlled sample table. The 
X 
transfer under high vacuum of any sanple to the integrating 
sphere for measurement and its subsequent return to the sample 1 
table for continued irradiation are routine operations. 
CREF differs from IRIF in that CREF has a multiple source 
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housing adaptor which permits simultaneous ultraviolet, 
-1 
proton, and electron irradiation. CREF also has a gas 
adsorbate adaptor that permits samples to be exposed to 
various test gases (after irradiation exposure) at prc res 
ranging from torr to several atmospheres (accurately 
measurable at p>10-4 torr). IRIF has no provisions for 
adsorbate pressure measurements. Both facilities are pumped 
with 400 liter/sec ion pumps and are rough-pumped with 
cryo-sorption pumps. The solar wind simulator has auxiliary 
ion pumps. 
A photograph of the CREF and CREF laboratory is presented 
in Figure 4.2 and compansnts of this facility are shown 
schematically in Figure 4-3. Figure 4.4 is a top viev of the 
sample table in both IRIF and CREF. 
4.3.2 - Ulttaviole; Sources 
Because of a number of factors, primari1.y economical 
operation, the 1000 watt A-H6 lamp (Pek, Inc.) is widely 
employed as an ultraviolet radiation source. Its high 
ratio of ultraviolet to total (radiant) energy permits 
accelerated ultraviolet testing at several equivalent 
solar factors (based on total ultraviolet only) without sub- 
stantial sample hehting. The intensity spectrum of a new ' 
source is shown in Figure 4.5. Accelerations of 10 equivalent 
solar factors are easily achieved with an A-H6 lamp (compared 
:o a maximum of about 4 to 6 for 5-kw mercury-xenon sources 
and about 1.5 for 5-kw xenon sources). The A-H6 is utilized 
primarily with IRIF. For CREF irradiations, 5000-watt 
llanovia burners, both xenon and mercury-xenon, are employed. 
Its radiant intensity spectrum is shown in Figure 4.6. The 
advantage of these burners over mercury-argon sources are 
the intensified emissions of ultraviolet radiation in the 
200- to 230 nm wavelength region, ar,.d a closer match to the 
solar ultraviolet intensitv spectrunl. Their principle dis- 
advantages are initial cost and comparatively short lifetimes. 
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Figure 4 - 3  CL.OSE-UP OF THE CREP 
Figure 4 - 4  
TOP VIEW OF ThE IRIF'S UV-IRXADIATION C H M E R  SHOWING 
SAFPLES. SAMPLE TABLE AWD MANIPU1,ATOE - R M S  


4.3.3 Test Procedures 
Standard Operating Procedures, in both IRIF and CREF, 
requires that, after pump-down, the samples be heated with 
warm water to remove gross volatiles (if any). Immediately 
prior to and during irradiation cold water is supplied to 
the sample cooling table. While still under high vacuum, 
diffuse spectral reflectance measurements are then taken 
of each of the test samples in the spectral range from 325 - 
2600 nm. Such measurements are repeated after each prescribed 
test interval - after exposures of, say, 500, 1000 and 
2000 ESH - and, if called for, after an oxygen bleach. 
In CREF operations the test intervals may be specified in 
terms of EWH (equivalent wind -- hours), particularly when the 
+ test is "p only". 
Unless otherwise indicated, the following conditions 
may be assumed in ail IRIF and CREF tests. UV irradiation 
rates are 6 suns at the sample location in IRIF tests, 
and an A-H6 source is used; for CREF tests, a Hg-Xe source 
is normally used and is operated to provide a nominal 4 sun 
intensity at the sample location. Correlations of lamp 
intensity with distance of source to sample are used to set 
the desired intensity (sun) level. The output of each source 
is monitored and recorded. Simulated solar wind irradiations 
(in CREF) are conducted using analyzed 1200 eV protons. These 
fluxes (uncorrected) likewise are monitored and recorded. 
The true proton flux is read at least two times a day by 
shielding the samples from the UV source and then manually 
reading the p+ flux of a pico-ammeter connected to a Faraday 
cup located near the samples. In this way the UV-induced 
photoelectron current is nullified. A correction for 
secondary electron emission from the Faraday cup, however, 
is not made at proton energies less than 1500 eV, since 
experiments here have shown that the correction is less than 
10%. As with the IRIF the CREF .:ill accommodate 12 samples, 
but, b lause of the geometry of the multiple source adaptor, 
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which was acid leached (A), calcined at 1000°C (10). and re- 
calcined at 1200°C (12), and then encapsulated in potassium 
silicate (:K2Si03). The notation also indicates the sequence 
of treatments. For plasma calcined pigments, for example, 
the notation Zn2Ti04 (Plasma) : K2Si03 and Zn2Ti04:K2Si03 
(Plasma) refer, respectively, to a which was first 
plasma-calcined and then K2SiOg-encapsulated and to one which 
was encapsulated in K2Si03 and then plasma-calcined. 
Although not usually used in the notation scheme, the 
actual source of Zn2Ti04 is indicated by such notations as 
SS, COP or MOX; when appropriate, specific batch numbers, 
such as LH-106, are used. SS, COP and MOX designate pigments 
obtained, respectively, from the solid state, oxalate co- 
precipitation, and mixed oxalate methods. This notation 
precedes the pigment designation, as in (SS)Zn2Ti04:K2SiF6/PS-7. 
The text will identify the mat2rials more closely, especially 
with respect to the preparation method and temperatureltreat- 
ment schedules. The latter are always ex~ressed in "C, and 
the notation indicates the schedule of temperatureltime 
(in hrs) . MilX(611.5) thus denotes a Zn2Ti04 pigment prepared 
from mixed oxalate precursors by calcining at 600°C for 1.5 hrs. 
4 . 4  ENVIRONMENTAL TEST DESCRIPTIOZJS - PART I 
The reports on environmental tests appear in a three 
part series. Part I pertaitrs to SS pigments, i.e., those 
prepared from oxide precursors. Parts I1 and 111 pertain to 
pigments prepared from oxalate precursors - COP and MOX, 
respectively. Tests are available in the appropriate triannual 
reports which are referenced. 
4.4.1 CREF Test No. 5 
CREF Test No. 5 (Ref. 3) was designed to compare the 
effectiveness of three encapsulants of Zu2Ti04 - potassium 
silico-tungsiate, potassium silico-fluoride and potassium silicate. 
I I T  R E S E A R C H  I N S T I T U T E  
In each case we also wanted to determine the protection 
afforded against individual and combined W and p+ environments. 
01-650 was exposed in order to determine its response in 
in individual and combined environments. 
4.4.1.2 Test Sequence 
After the initial spectral reflectance measl~rements 
were made, proton, but no ultraviolet, irradiatim was initiated, 
exposing samples No.'s 1-4 only, to a total fluence of 1.85 
x 1015 p+/cm2. The spectral reflectance of samples No. ' s 
1-4 was then measured, and also of samples No.'s 5-13 to be 
certain that changes or "spillover" effects had not occurred 
in the interim. The samples were then rotated such that 
sample No.'s 5-8 were exposed to the proton beam; irradiation 
of samples No.'s 5-8 with protons and of all samples with 
concurrent ultraviolet radiation was then initiated. The 
ultraviolet exposure was 1325 ESH, and the proton exposure 
2 
was 2.0 w 1015 p+/cm (to samples No. 's 5-8). Spectral 
reflectance measurements were then made of sample No.'s 
5-12; no further measurements of sample No.'s 1-4 were performed. 
4.4.1.3 Discussion 
The materials tested and their pre-and post-test as 
values are given in Table 4-1. 
4.4.1.3.1 Code C-070, Zn2Ti0,::K2SiO3 (Plasma)/OI-650 
This paint was prepared from a plasma-annealed pigment. 
The reflectance spectra are shown in Figure 4-7 and indicate 
that both the pigment and paint are stable to protons. 
Figure 4-8 shows the spectra for a paint irradiated with 
ultraviolet radiation, while those in Figure 4-9 show 
spectra for a paint irradiated with combined proton and W 
radiations. The Aas values for samples irradiated with 
protons only, ultraviolet only and protons plus ultraviolet 
are 0.002, 0.018 and 0.013, respectively. From Figure 4-7 
it is evident that protons have a negllgible effect. The 
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Table 4.1 
RESULTS OF CREF-5, COMBINED RADIATION TEST OF 
(SS) ZINC ORTHOTITANATE PAINTS AND OWENS - ILLINOIS GLASS RESTN 
Sample Solar Absorptance Values 
No. codea Initial p' onlyb p + + w C  uvonlyd 
5 C-070 0.223 0.236 0.013 
6 01-650 0.423 0.431 0.008 
? C-068 0.171 0.227 0.102 
8 C- 067 0.184 0.229 0.045 
9 C-067 0.200 0.231 0.031 
10 C-068 0.179 0.204 0.025 
11 C-070 0.286 0.304 0.018 
a ~ h e  code is as follo . :  
01-650 Thin film of Owens-Illinois "Glass Resin" on an 
Alumtnum Coupon 
b1.85 (15) p+/cm2, no. UV. 
'2.00 (15) p+/cd + 1325 ESH (simultaneous) 
d1325 ESH, no p+ 
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behavior indicated in Figures 4-8 and 4-9, however, is anomalous. 
The former shows considerable infrared damage, similar to 2nO 
degradation, as a result of an ~ltr~~violet exposure, while, 
as the latter shows, a coxbined exposure produces slightly 
more overall damage, yet insignificant infrared damage. The 
somewhat greater degradation of the ultraviolet-irradlated 
paint compared to that of the same paint irradiated simulta- 
neously with protons and ultraviolet radiation, suggests 
proton-induced bleaching of ultraviolet-created defects. 
It is possible also tiiat this latter sample received some 
spillover from the proton beam during the first (proton 
only) part of the test. In any event, the performance of 
this paint system is very good - a nominal degradation of 
0.015 after an exposurz equivalent to tkat of approximateiv 
0.25 year in space (based on full solar wind exposure and 
half-time solar electromagnetic exposure). 
4.4.1.3.2 Code C-068, Zn2Ti0,:K2SiF6/PS-7 
Figures 4-10-12 present the spectra for samples irradiated 
with protons only (Figure 4-10), concurrent proton plus ultra- 
violet (Figure 4-11), and ultraviolet-only (Figure 4-12), 
with Pas values of 0.046, 0.056 and 0.025, respectively. 
The sensitivity to protons versus that LO ultraviolet is 
apparently the Lonverse of that of the previous paint system: 
proton damage exceeds ultraviolet damage. (A similarity 
co the Zn2Ti04:K2Si03 (Plasma)/O-I 650 exists in the ZnO- 
like infrared damage due to ultraviolet). The overall 
performance of this pigment, however, compared to other 
encapsulated pigment naterials, is not satisfactory. 
4.4.1.3.3 Code C-067, %n2Ti0,: :K,;Sil~W12~0/P5-7 
The reflectance spectra are presented in Figures 4-13-15. 
As in the case of ir.,Ti04:K2SiF6/PS-7, :;re effect of concurrent 
irradiatiocs (protoai plus ultraviolet) is greater than that 
of the individual radiations. Proton irradiation caused the 
leact damage (Figure 4-13), ( A  = 0.013); in combined proton 
and ultraviolet radiation the Bas was 0.045 (Figure 4-14); and 
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ultraviolet effects (Figure 4-15) caused a Aas of 0.031. 
The spectral damage in all cases is generally small and 
equally distributed over the entire spectrum, although 
ZnO-like infrared absorption appears more ~rominent after 
ultraviolet irradiation. The silicotungstate-encapsulated 
Zn2Ti04 pigments,nevertheless, are somewhat inferior to 
those encapsulated in potassium silicofluoride. 
4.4.1.3.4 01-650 "Glass" Resin 
Two samples of 01-650 "Glass" Resin (0-1 650) were 
tested. The reflectance spectra of a sample which wac exposed 
to protons only and of another exposed to protons and W are 
shown in Figure 4-16. Although solar absorptance is hardly 
a valid measure of degradation in this case, the Bas for the 
proton-only sample of 0.003 (as: 0.455 to 0.458) underscores 
its excellent stability. Note that damage occurs mainly 
in the ultraviolet and I~frared regions of the spectrum. 
The 0-1 650 film which hab been exposed to both proton 
and ultraviolet radiations also exhibits spectral changes 
which are very small and occur in the same spectral regions 
as for the proton-only sample. The change in as for the 
latter is from 0.423 to 0.431; (Aa, = 0.008). This behavior 
suggests that 0-1 650 is indeed a vex stable binder material 
and that it is probably more affected by ultraviolet radiation 
than by protons. 
4.4.1.4 Conclusions 
01-650 "Glass" Resin is a very stable binder. both in p + 
and in W + y' environments. Of the three encapsulants 
evaluated in this test, potassium silicate offers the greatest 
protection to the pigment. This may, however, result from 
the fact that it is plssma-calcined after encapsulation, 
while the other two pigments were not. It appears that t3e 
results 2150 demonstrate classic synergistic effects in that 
the individual effects are not auditive and, in the case 
of the plasma-ca!cined K2Si03-encapsulated pigment, the effects 
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of proton irradiation arc partly bleached by absorption 
of W radiation. 
4.4.2 CREF-6 
4.4.2.1 Purpose/Description 
The intent of test CREF-6 (Ref. 42)' was to examine the 
response of the pigment Zn2Ti04:K2Si03 (Plasma) in several 
+ different binders exposed to a combined (W + p ) environment. 
4.4.2.2 Test Sequence 
A simple sequence of combined radiations was employed in 
this test. The proton and ultraviolet radiatior's were 
simultaneous. The samples were not rotated, so that samples 
No.'s 2 and 3 were exposed to proton and ultraviolet radiations 
while the others were exposed only to ultraviolet radiation. 
Sample locations 1 and 4 were left blank. Spectral reflectance 
measurements were made after a combined exposure of 2.4 x 10 15 
2 p'lcrn and 1240 ESH, and at the end of the test after a cumula- 
tive, combined exposure of 9.6 x 1015 p+/cm2 and 2250 ESH. 
4.4.2.3 Discussion 
Ti.2 solar absorptance values for CREF Test No. 6 are 
given in Table 4-2. 
b.h.2.3.1 Code SRI-2, Zn2Ti0,:KqSiF6 (Plasma)/PS-7 
The reflectance spectra of SRI-2 are presented in Figure 4-17 
The sample was exposed to UV radiation only. The a value 
S 
de5raded 0.030 in the first part of the test, and an additional 
0.005 i~: the second, displaying, like the others, a classically 
decreasing damage ra with increasing exposure. 
Far this particular test three 01-650 paints were 
prepared; two using standard OI-650;'the third using OI-650G. 
One sample was exposed to protm a-d ultraviolet radiations 
(Figure 4-18), ard the other two (Figures 4-19 aad 4-20) including 
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Table 4-2 
! : 
! ! RESULTS OF CREF-6 COMSIEED RALIATION TEST OF : j 
ZINC ORTHOTlTANATE PAINTS i 
-------- - 
-- 
- I t b + c No. codea I n i t i a l  (UV + p ( ~ J V  + p ) 2  Aa 9 . . j 
- --- -- 
uv 1 UV2 
- - -  
S 
;. I -. 4 .  
2 SRI- 1 0 .284  0 .301  0 .303  .019 2 I 
,. ! 
. , 6 SRI- 2  0 . 2 5 1  0 . 2 8 1  0.286 .035  
' 1 t !  
9 SRI- 1 0 .286  0.305 0 .311  .025  '- : : - 
.: 1 
11 0.252 0.260 .017  .. L C- 169 0 . 2 4 3  
: ! 
. ; 1 2  SRI- 3  0 . 2 6 7  0 .272  0 .280  .013  k 
. !  
-- ----- 
-- 
! i 
,; r 
g , a code explanatioras : 
! 
i ; SRI-1 = Z n p T i O  . K , , S i ?  (Plasma) 101 
. I ,  4 ' ~  6 
C-169 = Zn T L O  ,:K S i O  (P lasma) /OI  (same 2s C-0'0 i n  CKEF-5) 
i, . 2 1 2  3 
, , 
; : .  
+ 2 (p+ + UV) = 24 (15)  p / crn and 12.40 ESH 
+ 3 
= 2 . 4  (15)  p /cm6 znd 27.50 ESH 
the 01-650G pa int  were exposed to ultraviolet radiation only. 
The as value for the paint (wi~ki the staldard binder) exposed 
to the combi~ed environment degraded 0.017 in the first part 
of the test and en additional 0.001 in the second. The L, 
velue for the "3t~1dard" paint exposed tc ultraviolet 
radiation degraded only 0.019 in the First part 05 +he test 
and an additional 0.006 in the second. The stability of the 
paint with the modified binder is considerably better; as + 1 '  u5r 
inc-eased only 0.005 in the first part, an additional 0.003 -. 
in the second. All these changes are within experimental + * 
error, and kence not necessarily indicative of a trend. 
In any event the stability of this paint system is excep+i.onally 
good. 
4.4.2.3.3 C-169 Zn2Ti0,::K2Si.O3 (Plasma)/OI 
This paint was prepar2d as IITRI Batch No. C-169 and is 
identical, excspc in date of preparation, with IITRI Batch No. 
C-070, evaluated in CREF 5. The reflectance spectra for the 
two samples one irradiated with W radiation ocly and the 
other with protcns and UV radiation, are given in Figures 
5-21 and 4-22. The a, value of the sample whose spectra are 
shown in Figure 4-21 degraded n.009 in the first part, and 
0.038 in the second. In the case of the combined radldtlon 
sample (Figure 4-22), as degraded 0 013 in tne first part and 
an additional 0.012 in thk second. Withip. experimental 
error, these are consistent resulbs 
4.4.2.4 Analyses and Conclusions ,-
The stabilit.. of (SS)Zn2Ti04 pigments which have been 
plasma-annealed compared to tl-,at (.? pigments n 7 t  so treated 
has long been apparent. Plcll;ma annecling, hc:~ever, in certain 
cases evidently causes s o ~ :  permanent damage very similar 
tp that ic is intendad to prevent. Although not considered 
very likely. the possibility exists tnat this d a n a ~ e  ::AS $ ..I? 
introdlccd in the grinding process after plasm3 al?ne:;:ing. 
In Figurl:. 4-23 we cornpar2 the initla1 (unirrsdiated) sgec!.ral 
l i T  R E S E A R C H  l N S T l f U  E 
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ref lectmce of Zn2Ti04:K2SiF6, with and without plasma annealing. 
The effect of the treatment is evident in the large induced 
absorption in the visible and S-bad regions (the annealed 
pigment appeared "gray"). Stability of the plasma annealed 
pipent, however, was only slightly improved. In this case, 
the bus attributable to plasma annealing alone is about 0.1. 
Table 4-3 summarizes the appropriate data from CREF-5 and 
CREF-6 for silicate paints of the pigment Zn2TiO4:K2SiFC 
The performance of Zn2TiO4:X2SiO3 pigments is considerably 
better t h n  that of any of the other encapsulated pigments. 
Table 4-4 compares the results obtained in CREF-5 with those 
in CREF-6 for the paints Zn2TiO4:K2SIO3 (P1asma)lOI. 
In both tables for comparable exposures, the results 
of Part 2 of the CREF-5 should be compared with those of 
Part 1 of CREF-6. The comparison is good - within experimental 
error. The stability of the Zn2TiO4:K2SiO3 paint system is 
very good. The largest part of the damage sustained by the 
paint after combined W + p+ exposure is in the pigment, 
and most of that is caused by W radiation. 
The data from CREF-5 and CREF-6 along with the results 
of many preceding tests make it very evident that, while 
plasma annealing does ordinarily improve pigment stability, 
it also in some cases has caused significant, and unacceptable, 
permanent increases in optical absorption - in one instance, 
greater than the Aas caused environmentally in a pigment 
not plasma annealed. Some pigments, therefore, are benefitted 
more from the plasma heat treatmentthan others. In theory, 
however, the plasma heating conditions can be optimized 
to produce stable pigments without otherwise affecting their 
optical properties. An analysis of all the available 
data suggest that, to be successful, the plasma annealing 
process must affect the pigment surface - and only the 
pigment surfaces; otherwise, excessive internal high temperatures 
cause significant,pemanent optical damage. The nature of the 
I l l  RESEARCH I N S T I T U T E  
Table 4-3 
COMBINED IRRADIATION EFFECTS IN Zn2TiO4:K2SiF6/PS-7 
Exposure 
a s Values Txx'a Part I Part 2 
C- 068 (CREF- 5) 
(Not plasma annealed) 
Protons Only 0.158 0.204 -- 
Protons + ultraviolet 0.171 --- 0.227 
Ultraviolet only 0.179 - - 0.204 
SRI-2 (CREF- 6) 
IPlasma annealed) 
Ultraviolet oaly 0.251 0.281 0.286 
Table I+-4 
COMBINED IRRADIATION EFFECTS IN Zn2~i04:K2Si03(Plasma)/OI-650 
Exposure bas* Auk 
- 
Initial Part 1 Part 2 
C-070 (CREF-5) 
Protons only 0.194 (0.002) 0.196 
Protons + ultraviolet 
\ .  
0.223 0.013 0.236 
Ultraviolet only 0.286 0.018 0.304 
C- 169 (CREF- 6) 
Protons + ultraviolet 0.290 (0.013) 0.303 (0.025) 0.315 
Ultraviolet only 0.243 (0.009) 0.252 (0.017) 0.260 
*has values determined with respect to initial value. 
encapsulant consequently takes on a more important role than 
, '?  
? * 
' I  
previously ascribed to it. Overall optical stability 
would t h w  relate to its interaction with the pigment 8 ,-i 
.* 
surd how this is affected by the plasm treatment. The . . I. ' 
facts that plasma heat treatment damages some encaps-lated 
pigments more than it benefits them and that some e~capsulants , 
are nearly as effective as an ideal plasma heat treatment 
suggest that the "stable" surface treatment may be attainable 
chemically as well as by plasma annealing. 
4.4.3 CaEF Test No. 7 
This test is a long duration, combined environment 
irradiation to determine the effectiveness of three Zn2Ti04 
encapsulants - K2SiF6, K2Si03 and Li2SiF6. The test (Ref. 4.4) 
was also designed to show whether the effectiveness of the 
encapsulant could be improved by plasma-calcination, and also 
to indicate the compatibility and performance of these pigments 
in both silicone and silicate vehicles. 
4.4.3.2 Sequence 
Samples No. 's 1-4 were irradiated with combined W + $ 
radiations; sample No.'s 5-12 were irradiated with W 
radiation only. Reflectance measurements were made initially, 
and after exposures of 1000 ESH and 1800 ESW 1700 ESH and 
3750 ESW 2850 ESil and 7700 ESW, 3850 ESH and 10,500 ESW, 
andfinally after an O2 bleach. 
4.4.3.3 Results 
Table 4-5 displays the solar absorptance values of the 
test materials. Selected spectra are presented in Figures Mo. 
4.24-29. No efforts were made to optimize either the 
particle size of the pigments or the thickness of the paint 
specimens: their us values were, therefore, expectedly variant. 
The spectra of Zn2TiO4:R2SIF6 (plasma)/PS-7 (Figure 4-24) when 
compared with those of the same pigment in 01-650G (Figure 4-25) 
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show that OX-650 paints are equally as stable as, if not more 
so than, PS-7 paints. Note, however, the loss of reflectance 
at 900 nm as a result of an interaction between the pigment 
and the 01650 binder. The reflectance spectra of Figure 
4-26 shows Zn2Ti04:K2SiF6/01, the pigment of which has 
been recalcined (by IZTRI) at llOO°C/lhr. The treatment 
in this case was helpful but not as effective as plasma 
annealing. This particular material, however, exhibits 
almost r~o instability in the infrared region. The O2 bleach 
spectra indicate that encapsulation surface coverage was 
not complete. As expected the performance of these W + p+ 
samples when compared with that of their W-irradiated 
counterparts show that radiation produces a greater overall 
effect. 
The paint, Zn2Ti04:K2Si03/L. 2SiOg (Figure 2-27) shows 
some promise. The lack of any response to the 0? bleach 
- 
indicates t3.at the silicating process - either the potassium 
silicate encapsulant or the lithium silicate binder, or 
both - is effective in preventing characteristic S-band damage. 
It has surprisingly low solar absorptance, but it also degraded 
badly. 
Figure 4-28 shows the spectral reflectance of an Zn2Ti04: 
K2SiOg(plasma)/G. Its S-band bleached slightly but the fact 
that infrared damage recovered almost completely suggezts 
that the encapsulant coverage was not complete. 
In Figure 4-29 are the spectra of the paint Zn2Ti04: 
Li2SiF6/G; its stability is excellent, and encapsulant 
coverage appears to be adequate. 
4.4.3.4 Conclusions 
Degradation induced by irradiation of these ,mints occurs 
primarily within the pigment (rather than on its surface) 
and in the vehicle. 01-650 is basically more stable than PS-7 
(potassium silicate). It is evident that in t:he more stable 
paint systems the degradat.i.on rate essentially vanishes aftei- 
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about 3000 ESR; in some cases, no further degradation occ~rs 
after an exposure of 2000 ESH. 
EncapsuPants for zinc orthotitanate pigments are effective 
m l y  in preventing S-band growth. 01-650 predisposes an other- 
wise stable pigment, if unencapsulated, to severe optical de- 
gradation 5x1 the visible and near infrared regions of the spec- 
trum. The nechanism by which an sncapsulant affords protection 
to the pigment 5s not completely understood. The data, however, 
support our earlier hypothesis thet S-band damage is to the 
daeorption of hydroxyl groups (as H23) Thus. depending on its 
chemical nature, the encapsulant reacts with, and eventually ties 
up, the active surface groups, which are in this case principally 
OH- groups. 
4.4.4 CREF Test No. 8 
4.4.4.1 Purpose/Description 
This CREF test (ref. 4.5) was conducted to provide relative 
performance information for three encapsulants of Zn2Ti04 pigments - 
K2SiF6, Li2SiF6 and K2Si03. In the latter case the pigment is 
washed with -PO4 (sodium hydrogen phosphate) to neutralize the 
pigment surface, potassium silicate-treated and then re-washed 
(re-neutralized) with NaH2P04. Determining the effects of heat 
treatment (1200°C/5 min) on encapsulated pigments in terns of 
a and bas (stability) was also an objective. All of the materials s 
tested are 01-650 paints incorporating the subject pigments, ex- 
cept sample No. 12, an SP-SO0 ZnO powder which was included for 
reference. 
4.4.4.2 Sequence 
Spectral reflectance measurements were made prior to irradia- 
14 9 2 tion, after 400 ESH and 5.5 x 10 p /cm , and, with no further 
proton irradiation, after an additional 300 ESH, and finally after 
an O2 bleach. 
4,4.4.3 Test .Results 
The effects of ultraviolet exposures of nominally 400 ESW 
14 + (plus 5.5 x 10 p /an2 in the ease of samples 1-4). .nd of an 
.,- 
additional 630 ESH can be seen in the reflectance spectra in 
Figume 20.4-15. The corresponding solar absorptmce values 
are provided in Table 4.6 . .  
4*4.4.4 Analyses 
A comparison of the spectra of sample numbers 1 and 2 
(Figures 4.30, 31) a d  of those of sample numbers 4 and 3 
(Fbgures 4.32,33) reveals that the heat treatment (1200°C/5 min) , 
especially in the case of the phosphate-silicate-phosphate sur- 
face treatment, not only reduces the initial reflectance of the 
paint prepared from the treated pigment but predisposes it to 
considerable S-band damage. Similarly, the heat treatment 
affects the li2SiF6-encapsulated pigments (Figures 4.34.35) in 
terms of initial properties, but its effect on stability is con- 
siderably more complicated. 
In Table 4.7 we have compiled the spectral reflectance 
changes induced by exposure to a nominal lOOG ESH at several 
wavelengths including the nominal center of the S-band. From 
degradation (damage) data and the spectral response to oxygen 
(recovery), some important deductions can be made regarding the 
effects and effectiveness& encapsulation and of the pigment 
heat-treatment. Heat treatment in every case increases the S- 
band damage, but, except in the case of the (P04/Si03/F04) en- 
capsulant, it reduces bulk damage. Comparison of the spectra 
of paints prepared from heat treated pigments with those of the 
paints prepared from the respective precursor pigments indicates 
substantial reflectance losses as a result of particle aggrega- 
tion. 
The relatively greater effects of combined environments 
were as expected. The spectra of identical samples, one irradiated 
with UV W ++, and one with W only, suggest that the protons 
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create substantial bulk damage but have little, if any effect on 
surface (S-band) damage, as evidenced by the BRA values at the 
S-band in comparable samples (e. g . , No. 4 vs No. 9) . 
Finally, it must be noted that these paints substained re- 
latively severe degradation. From the development pattern of 
the induced absorption the causes would appear to be fntrinsic 
defects. Surface contamination,however, cannot be ruled out, 
since heat treating tends to reduce bulk damage in K2Sir6-en- 
capsulated pigments, to increase it in P04/Si03/P04 encapsulated 
pigments, and in all pigments to promote S-band development. 
From this behavior we can infer that different surface trer tts, 
including contamination, can and do cause large and very 3 i  . -cnt 
damage effects. In any event, an unusually large amocnt of ,,,~cal 
degradation has occurred in the paint samples, and is very likely 
due to intrinsic defects. Although anomalous in magnitude, the 
degradation spectra are characteristic, thus ruling out con- 
tamination in the test system as an explanation. Contamination 
of the samples during their preparation, however, remains a dis- 
tinct possibility. 
4.4.5 IRIF Test 1-55 (Ref. 4.6) 
4.4.5.1 Purpose/Description 
The successful development of a Zn2Ti04/OI-650 paint-system 
depends in part upon the elimination of interactions between its 
components, which lead to instabilities {nainly in the S-band). 
This test was conducted to determine properties and perfcrmance 
data of individual components and to compare components prepared 
in different ways. These components, which were irradiated as 
paints in CREF Test No. 8 (ref. 4.6), are listed in Table 4.8. 
4.4.5.2 Test Results 
The reflectance spectra of the basic and the treated pig- 
ments are presented in Figures 4 . 3 6 - 3 3  which are spectra of (SS) 
B-223 type Zn2Ti04 powders. Figures 4.40.41 are typical 01-650 
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and 01-6506 spectra, resrpecttvely. Generall.~, d l  of the 8-229 pi 
rype Zn2Ti04 pigments appear to be quite stable. sustaining only 
a :  5.S 
a fraction of the h g e  occurring in their 01-650 paints. # ,i 
, , a  
For the basic (mencapsulated and un-heat treated) Zn2Ti04 f 
pigment, there appears (from Fig. 4.36) to be only a slight 
development of bulk damage and a perceptible decrease in S-band 
reflectance. The phosphate/silicate/phosphate pigment (heat- 
treated at 1200°C/5 min) whose spectra are shown in Figure 4.37, 
indicates definite developments of bulk damage and the S-band. 
3 
Very muck like those of the basic powder, the spectra of the 
pipent Zn2Ti04 d2S%F6 (1200°C/S min) in Fig. 4.38 exhibit no 
induced W absorption but still a definite bulk damage as well b I
as S-band development. The lithium silicofluoride encapsulated 
pigment (also heat-treated at 1200°C/5 min) in Figure 4.39 q 
displays similar stability. .& 
The spectra in Figures 4.40 and 4.41 are the reflectance b[ 
-1 
spectra of thin films of standard and modified Owens-Illinois 
650 "Class Resin", respectively, applied to aluminum IRIF coupons. ; [
Thus, the important feature to notice is the very low ITJ- induced A 
absorption, (as indicated by a loss in UV reflectance). All of C1 
" k 
these films are exceptionally transparent and stable, especially ii 
th.ose that have been heat cured. 
4.4.5.3 Conclusions 
The magnitude of optical damage in OI-650G is very small, 
and at least as inherently stable as the standard product; and 
this stability is increased by heat curing. 
The performance of the zinc orthotitanate pigments in I,: 
this test demonstrates that they all are basically stable. Their 
performance in CREF Test No. 8 ,  where they were tested in the 
form of silicone p a i i ~ i u ,  however, emphatically points up a deleterious 
interaction between the pigment and the vehicle. The nature of 
this interaction appears to have an effect on the pigments' bulk 
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properties as well as on its surface properties. The fact that L *  -:- 
bulk damage occurs in irradiated pigment powders and not in clear ?,I  , 
resin films establishes the fact that the resin-pigment inter- .. , <  : 
action affects the pigment  an^ not the resin. ; 1 
I%@ K ~ S I F ~  and LI~SIF~ encapsulants both protect and pig- it, [ 
I 
ment better than does the P04/Si03/P04 treatment. 
b 
: ;  1 
4.4.6 CREF Test No. 9 (Ref. 4.6) . i  I - 4  
In this test, the performance of zinc orthotitanate pigment, 
prepared in a scrupulouslg iron-free process, both untreated and 
with K2SiP6 and K2Si03 encapsulants, is of paramount interest. 
An analysis of the results of CREF Test No. 8 (Ref. h . 5 )  and of 
the processes involved in preparing the pigments used in that 
test leads us to suspect that a significant amount of iron con- 
tamination may have been introduced into the pigments. Accordingly, 
one purpose of this test is to determine whether iron (or any 
other metal) contaminant may be responsible for the anomel l ous 
degradation of Zn2Ti04 pigments observed in CREF Test 130. 8. 
Another important objective is to extend our knowledge of the pro- 
perties and performance of encapsulated pigments in longer dura- 
tion tests. 
4.4.6.2 Results 
The Zn2Ti04 pipents, in this test have been prepared in 
accordance with the standard high temperature solid-solid reac- 
tion but without any metallic contact. They do not contain iron 
in quantities measurable by colorimetric analytical methods. 
The samples are listed in Table 4.9 and their reflectance spectra 
are presented in Figures 4.42-53. Note the consistently low 
values of as. Figure 4.42 illustrates the excellent stability 
of A-429M. the designation for the paint system ZnO:K2Si03 
(which is S-13G pigment)/OI-650G. Figures 4-43 through 4.53 
pertain to iron-free zinc orthotitar-te. In Figure 4.43 are 
the spectra for the basic (iron-free) pigment (untreated and 
Ta
bl
e 
4-
9 
CR
EF
 T
ES
T 
NO
. 
9 
-
 
SO
LA
R 
AB
SO
RP
TA
NC
E 
VA
LU
ES
 V
S 
UL
TR
AV
IO
LE
T 
EX
PO
SU
RE
 
(E
SH
) 
-
 
Pi
gm
en
t 
-
 
Tr
ea
tm
en
tl
Re
ma
rk
s 
Bi
nd
er
 
In
it
ia
l 
57
5 
20
10
 
30
35
 
40
70
 
'2 
Bl
ea
ch
 
SP
50
0 
Zn
O 
PS
7 
Zn
2T
i0
4*
 
-
-
-
 
Zn
2T
i0
4 
LH
-1
4(
9/
B)
 
-
 -
 -
 
0.
14
2 
0.
21
6 
0.
21
3 
0.
26
5 
.
27
0 
0.
17
1 
Zn
2T
i0
4 
'
 
LH
- 
12
 (1
21
 1)
 
-
-
-
 
0.
27
8 
-
-
-
 
-
 -
 -
 
-
-
 -
 
-
 -
 -
 
-
 -
 -
 
I 
*
Si
li
ca
te
d 
Zn
O 
pi
gm
en
t 
(S
-1
3G
 p
it
me
nt
) 
a
n
d 
01
-6
50
G 
r
e
s
in
, 
pa
in
t 
is
 d
es
ig
na
te
d 
A-
42
9M
 
*
*
Wi
th
 
th
e 
e
x
c
e
pt
io
n 
o
f 
th
os
e 
de
si
gn
at
ed
 L
H-
12
 o
r
 
LH
-1
4,
 a
ll
 o
f 
th
e 
Zn
2T
i0
 
pi
gm
en
ts
 u
s
e
d 
in
 t
hi
s 
te
st
 w
e
r
e
 
pr
ep
ar
ed
 f
ro
m
 t
he
 b
as
ic
 i
ro
n-
fr
ee
 p
ig
me
nt
 a
s
 
II
TR
I 
~
a
t
h
 
C-
40
5.
 
W
av
ele
ng
th,
 
Fi
gu
re
 4
.4
2 
RE
FL
EC
TA
NC
E 
SP
EC
TR
A 
OF
 A
42
9 
W
av
ele
ng
th,
 
F
ig
ur
e 
4.
43
 
RE
FL
EC
TA
NC
E 
SP
EC
TR
A 
OF
 Z
n2
T
i0
4 
F
ig
ur
e 
4
.4
4
 R
EF
LE
CT
AN
CE
 




W
av
ele
ng
th,
 (p
) 
F
ig
ur
e 
4.
49
 
RE
FL
EC
TA
NC
E 
SP
EC
TR
A 
OF
 
Z
n
2
T
i
~
4
:
(P
04
=/
~i
03
=/
~0
4=
) 
PO
W
DE
R 
.
 
,
.
 .
<
 
p&
,s
>,
,.,
 ,*
 
.
 
.
 .
:.- 
-
 
.
 
-
la
 
J
,.
,~
~
,,
;
-
.i
w
y
Y
 
n
,d
s
..L
C
IU
r&
 
-
I.. L
.L
r 
r
e
 
.
-
t
 
.
r
 
<
I. 
I 
g
o
.
 T
 
2
. 
I
I
..
. .C
rn
*T
-I
...
.'.
 
I
 
r
 
:
 ,
 
ix
 ~
I
.
I
.
u
u
"
"
.
,
.
A
&
.
&
&
*
~
 
.
 
.
 
i 
-
 
-
1.
 
.
,
 
~
 




radiation-induced degradation appears to saturate after approxi- 
mately 500 ESH, and the damage in the S-band region is not prm- 
inent. A potassium silicate paint of this pigment is somewhat 
more stable, particularly in the S-band, as shown in Figure 4.44. 
Note also (in Figure 4.43) that the i-r damage is also reduced 
1 compared to that in the powder. Reflectance spectra of the 
1 ,  
1 
same pigment in 01-650 (Fig. 4.45), quite obviously show that 
1 t 
' j ! the untreated pigment sustains considerable S-band damage. i . j 
1 In Figures 4.46-48 we present the reflectance spectra of \ 
! 
! 
Zn2Ti0 :K SiF6; in Figure 4.46 are the spectra of the powder; 4 2 
in Figures 4.47 and 4.48, the spectra of the 01-650 and 01-650G 
I paints, respectively. The pigment exhibits good stability, 
i # 
with optical damage appearing to saturate at about 2000 ESH. 
The K2SiF6 encapsulation also affords some protection against 
S-band damage, and the encapsulated pigment is obviously more 
i 
, . 
stable than the ut~encapsulated pigment (Fig. 4.43); yet the two 
pigments have, except for the S-band, very similar degradation 
characteristics. 
The Zn2Ti04:K2SiF, prepared using 01-650G exhibits a 
C 
stability comparable to that of irs pigment, while the 01-650 
paint is severely degraded, especially in the S-band region. 
In this case, the 01-modification mitigates the interaction be- 
tween pigment and vehicle. The interaction, however, is either 
between the binder and the encapsulant or is promoted by the 
encapsulant, becsuse the unencapsulated pigment in 01-650 
(Fig. 4.45) does not show exrensive S-band development as does 
the paint with encapsulated pigment. 
To a lesser extent than is evident above, the degradation 
in Zn2Ti04: (PO~=/S~O~=/PO~) is also, as Flgure 4 . 4 9  shows, in- 
creased by the presence of the 01-650 vehicle (Fig. 4.50). 
The ref lectance spectra  of three pigment powders which have 
been prepared by the COP (copracipi ta t ion)  method a r e  shown i n  
Figures 4.51-53. Their performance, however, is  poor. Even 
though they a re  experimental pigments from the  f i r s t  coprecipita- 
t i o n  attempts, t h e i r  spectra  (gg. Fig. 4.52) give encouragement, 
s ince they indica te  an excess of ZnO, which czn be removed by acid 
leaching. 
4.4.6.3 Conclusions 
The performance of the  A-429M paint  system i s  especial ly  
encouraging; the i n i t i a l  s o l a r  absorptance of t h i s  coating 
system, when a l l  formula+ion parameters a re  optimized, may 
approach 0.160 i n  prac t ice .  The Pas of 0.02 i n  4000+, ESH,more- 
over, is typica l  of t h i s  system. Since the  Bas i s  unchanged 
upon O2 bleaching, the  s i l i c a t e  encapsulation i s  e f f e c t i v e ,  
and i t  i s  probable t h a t  the  01-650G binder mater ia l ly  a ids  
t h i s  effect iveness .  
' A d i rec t  comparison of equivalent pa in ts  i n  t h i s  t e s t  and 
i n  CREE Test No. 8,  while not  conclusive, s t rongly implicates 
a foreign mater ial  i n  the CREF-8 samples. Although we suspect 
i ron ,  the contaminant may be any a e t a l  which the pigment pre- 
cursors contact i n  the pigment preparation process. This i s  
fnr ther  borne out by the  f a c t  tha t  the s t a b i l i t y  of the basic 
Zn2Ti04 pigment i n  t h i s  t e s t  i s  very good, and i t  improves con- 
siderably when placed i n  PS-7 (Ass = 0.031 i n  4070 ESH)or i n  
01-650 (has = 0.036). We associa te  the increased damage i n  
01-650 pa in ts  with the higher hydroxyl content of the 01-650 
(as opposed t o  01-650G). The s i l i c a t e  pigment has approximately 
the same s t a b i l i t y  a s  the untreated pigment, but here a l so  i t s  
apparently increased in terac t ion  with 01-650G causes a pronounced 
increase in  degradation. In  a l l  cases the in terac t ion  causes 
increased S-band absorption, which i s  made obvious by the oxygen 
bleach spectra .  
The three (3) zinc o r tho t i t ana te  pigments produced by the  
COP method a r e  e n t i r e l y  experimental. Yet, from a comparison 
of the performance of zinc o r tho t i t ana te  pigments prepared by 
f i r i n g  the heretcfore standard so l id - so l id  (B-229)' oxide pre- 
cursors with those prepared from COP precursors,  i t  is seen 
tha t  these pigments exhibi t  d i f f e ren t  op t i ca l  spectra  and re-  
spond d i f fe ren t ly  t o  the i r r a d i a t i o n  t e s t s ,  especial ly  i n  the  
near u l t r a v i o l e t  region. 
4.4.7 Surmnary 
The s t a b i l i t y  of Zn2Ti04 pigmen'ts which have been plasma- 
amealed compared t o  tha t  of pigments not so t rea ted  has long 
been apparent ( r e f .  4 .7)  . Plasma annealing, however, in  ce r t a in  
cases evidently causes some permanent damage very s imi lar  t o  
tha t  i t  is intended t o  prevent. Although not  considered very 
l i k e l y ,  the p o s s i b i l i t y  e x i s t s  tha t  t h i s  damage was introduced 
i n  the grinding process a f t e r  plasma annealing. 
The encapsulant K25iF6, ei.ther with or  without plasma 
annealing the t rea ted  pigment evidently zauses subs tant ia l  S- 
band absorption (the annealed pigment appeared "gray" i n  
one instance - see par.  4 .4 .2 .4) ;  i t s  s t a b i l i t y ,  however, i s  
only s l i g h t l y  improved. 
The performance of Zn2Ti04 : K2Si0 pigments i s  considerably 3 
b e t t e r  than tha t  of any ef the other  encapsulated pigments. 
While plasma annealing does ord inar i ly  irnprove pigment 
s t a b i l i t y ,  i t  a l so  i n  some cases has caused s i g n i f i c a n t ,  and 
unacceptable, permanent increases i n  op t i ca l  absorptiun. The 
f a c t s  tha t  plasma heat treatment-induced damage of ten exceeds 
i t s  benef i t s ,  and tha t  some encapsulants a re  neariy a s  e f f e c t i v e  
a s  an idea l  plasma heat treatment, suggest t h a t  a s tab le  sur- 
face may be a t t a inab le  chemically a s  w e l l  as by plasma annealing. 
Encapsulants for zinc orthotitanate pigments are effective 
only in preventing S-band absorption. (Earlier research showed 
that optical damage at longer wavelengths was associated with 
excess ZnO). (Ref. 4.8). 01-650 predisposes an otherwise stable 
pigment, if unencapsulated, to severe optical degradation in 
the visible and near infrared regions of the spectrum. Without 
being specific regarding the mechanisms, we reason that, in 
the case of 01-650 paints, the encapsulant serves two purposes - 
firsr, as a barrier to photodesorption from the pigment surface. 
and secondly, as a barrier to interactions of free radicals (or 
electrons) in the silicone resin with the pigment, such as dis- 
cussed in Ref. 4.7. The UV-induced appearance of the S-band 
in 01-650 paints incorporating otherwise stable pigments implies 
either that the encapsulant is not intrinsically effective (with 
respect to prevention of pigment vehicle interactions) or its 
surface coverage is incomplete. The O2 bleach results show that 
both possibilities exist. Many of the pigments show higher 
initial absorption in the S-band region - absorption attribut- 
able to an encapsulant pigment interaction. The additional 
degradation due to irradiation is O2 bleachable, suggesting that 
coverage may be a major problem. With respect to these ccnsidera 
tions, we conclude that potassium silicate affords the greatest 
protection from the stanupoint of surface coverage; moreover, it 
does not cause directly, nor predispose the pigment to, excessive 
S-band absorption. On the basis of intrir ic effectiveness 
K2SiF6 ranks highest, although it directly or indirectly affects 
the pigment's optical properties. 
t The relatively greater effects of protons are as expected. 
1 Protons create substantial bulk danage but have little, if any 
effect on surface (S-band) damage. In those tests in which 
effects due to UV + $ can be compared with those due to UV or 
f 4- p alone, xe find, not surprisingly, that W + y damage is 
mare severe than UV alone, and, in turn, that UV effects out- 
weight p+ effects. The non-additive nature of these effects may, 
in part, be understood from the-fact that W and p+ cooperatel 
compete to create optical damage at visible and near W wave- 
lengths, and that IN, in addition, creates near S-band and, 
occasionally, free carrier damage. 
4.4.8 - Conclus ion* 
Zn2Ti04 pigment prepared via the solid-solid (SS) high 
temperature reaction of ZnO and a-Ti02 exhibits great potential 
for exctbbional stability in space environmental applications. 
This otability, however, is sensitive to the Zn/Ti stoichiometry, 
at least as this ratio determines the excess ZnO in the pigment; 
metallic contamination also affects its stability. A sensiti- 
vity of surface damage and of bulk damage to either of these 
factors has also been evident. Also evident is the improvement 
in S-hsnd stability obtained by encapsulation of SS pigments 
with K2SiF6 and P04/Si03/P04. and the further improvement when 
these encapsuiated pigments are plasma-calcined. The stronger 
sensitivity of SS pigments to W-induced S-band damage in 01-650 
paints than in 01-650 paints implicates OH- as the radical 
responsible for the development of surface (S-band) degradation. 
These conclusions, it should be remembered, pertaj-n to pip- 
ments which were prepared with a ZnO excess. In light of 
several important observations made in subsequent investiga- 
tions (ref. 4.6), the validity of many of the other conclusions 
reached iq  these studies is questionable. Certainly, we know 
that a 2.05 Zn/Ti ratio is not ideal, even though this was, at 
the time of these studies strongly believed to be necessary. 
Nevertheless, these studies clearly show that S-band stability 
relates very closely to s- face passivity, and subsequent 
studies further confirm this observation. The attainment of 
surface passivity - be it through optimun: temperature-time pig- 
ment calcination schedules, reactive encapsulation. or plasma 
calcination - almost certainly depends upon initial Zn/Ti 
stoichiometry. 
. . . . . .  
o o o o o o o o o o o o  
d 
ad) o N m * a , r r , o d v , d N r -  8ZI 1-i 4 rl 
The reports of irradiation studies in Part I1 of this section 
deal primarily with pigments prepared from oxalate precursors via 
.; 
--, I 7 7 the COP method. 
4.5 1 - CREF Test No. 10 
: I j r  4.5.1.1 Purpose/Description -- \ ; ;  
i - .  This test (ref. 4.6) in general was designed to compare the 
- i . effects of various firing cunditions on the initial reflectance 
- i 
j ,  
- 
'~ ? 
properties and ultraviolet-stability of five COP (coprecipitation) 
. .  production batches and one eu .berimental MOX (mixed oxalate) 
batch. (Unfortunately, most of the coatings, prepared as powders 
i on IRIF ccupons, were not sufficiently adherent to the coupons 
to allow confidence in more than the icitial (pre-irradiation) 
spectral reflectance measurements). 
I This series of COP Zn2Ti04 pigments were fired under 
different temperature/time conditions, UV irradiated to exposure 
levels of approximately 750 and 1460 ESH. The samples and their 
solar absorptance values are listed in Table 4.10. In some of 
these pigments excess ZnO was detected by X-ray, as well as by 
the classic 2nd infrared free carrier spectra (ref. 4.9). 
4.5.1.2 Test Results 
Figure 4.54 shows the effects of ultraviolet irradiation 
on an early production pigment, LH-12(6-14). The S-band develop- 
ment is especially prominent, even though sonte substrate show- 
through was experienced. Figures 4.55, 56 are spectra of 
LH-16(9) and of LH-16(6-14), respectiveiy; both exhibit ZnO 
excess. In these materials the W radiation damage was not 
excessive, but the ZnO excess is clearly cvident from thc in- 
duced free carrier absorpti~~, especially in LH-lS(9). The 
. . 
LH-16(6-14) pigment sustains somewhat more S-band damage than 
, - 
does the LH-16 (9) pigment. 


7 ,  RmODUCEK.?';'  i i 1 j 1 
ORIGINAL PAC; I: IS 1': r b  1 1  i 
fi 
c The ref lectance spectra  of th ree  pigments prepared from 
Batch LH-20 v i z . ,  (9) ,  (9-14), and (6-12) a r e  presented i n  
I Y Figures 4.57-59. (The pos t - i r radia t ion  i-r spec t ra l  re f lec tance  
of the (6-12) pigment, exceeds i t s  i n i t i a l  value because of a 
loss  of adherence). In  t h i s  s e r i e s ,  the  higher conversion tempera- 
tures  tend t o  produce grea ter  S-band damage. 
m e  spectra of the three LH-22 pigments, v i z .  , (9) ,  (6-12) 
and (9-I?+), prepared from COP batch LH-22, b e l i e  a not iceable  
excess of ZnO. Reflectance s t a b i l i t y  of t h i s  s e r i e s  a l so  appears 
t o  be s e ~ e i t i v e  t o  the  heat treatment schedule. The (6-12) pig- 
ment (Fig. 4.61) shows poor s t a b i l i t y  (adherence was a problem 
a l s o ) ,  while the  (9) pigment (Fig. 4.60),  even with the  
cha rac te r i s t i c  ZnO i-r absorption, demonstrates g rea te r  s t a b i l i t y .  
The (9-14) pigment (Fig. 4.62) exhib i t s  excel lent  W rad ia t ion  
s t a b i l i t y .  The trend i n  t h i s  respect ,  however, is  somewhat 
o ~ ? o s i t e  t o  tha t  a i tnessed i n  the  LH-20 pigments, qui te  pro- 
bably because of the ZnO excess. 
Although the ref lectance spectra  f o r  LH-26(6-12) i n  Fig.  
4.63 show the presence of excess ZnO, t h i s  pigment possesses 
good i n i t i a l  propert ies  and considerable s t a b i l i t y .  
I n  Figures 4.64-65 a r e  the ref lectance spectra  f o r  two 
pigments from COP batch LH-27. The lack of adherence of the 
(6-12) sample obscured the UV-induced i-r  absorption, i f  any. 
I n  any case the  (9-14) treatment evidently produces a pigment 
superior t o  t h a t  of the (6-12) treatment. 
4.5.1.3 - Conclusions 
The surface pass iv i ty  of many of the t e s t ed  pigments i s  
evident from the f a c t  tha t  they do not adhere well  t o  t h e i r  
t e s t  coupons nor do they exhib i t  much cohesion. Adhesion losses  
were experienced i n  a l l  of the (6-12) pigments, with varying 
e f f e c t .  Test r e s u l t s  f o r  t h i s  reason a re  d i f f i c u l t  t o  analyze; 
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the var iable  f i lm thicknesses compound t h i s  d i f f i c u l t y .  But 
the r e s u l t s  do bear out the basic  propert ies  and performance of 
Zn2Ti0 pigments, jus t i fy ing  the invesyigation of the  COP pro- 4 
cess as  a method for produc in~  them. The appearance of W-in- 
duced f r e e  c a r r i e r  absorption s lgn i f res  a ZnO excess, which pro- 
bably r e l a t e s  t o  the sample preparative c o n d i t i m s ,  s ince these 
pigments were not subjected t o  a spec i f ic  ZnO removal treatment. 
4.5.2 CREP Test No. 13 
The overal l  s t a b i l i t y  of a Z11~Ti3~/01-650G paint  system 
depends not only on the inherent s t a b i l i t y  cha rac te r i s t i c s  of 
'ts components but upon in terac t ions  between them, and there- 
fore.  i n  the case of Zn2Ti04, on the surface propert ies  of the 
pigments. The tes-cs perforx.ed must allow f o r  discerning &ether 
induced op t i ca l  damage resides  i n  the i n t e r i o r  of a pigment, 
i n  the vehicle ,  o r  as  i s  frequently the case with Zr. TiO4, on 2 
the pigment surface. The a b i l i t y  to  so dis t inguish proceeds 
from t e s t s  of individual conponents and ~f pain ts  and from 
analyses of r e f1  2tance &gradation spectra  of a l l  of these.  
It must fur ther  allow fo r  determining the pigment surface 
m d i f i c a t i o n  treatments nlost effectiive i n  mit igat ing these 
i n t e r a c t i o ~ s .  This t e s t  ( r e f .  4 .9 )  involves four preparative 
variables - ~ i g 1 ~ 2 n t  calcinat ion schedule, acid leaching of 
pigment t o  remove ZnO, preci-pitation hold time, and thermal 
treatment of the s i l icone  pa in t .  TaSPe 4.11 l i s t s  the mater ials  
tes ted  ( a l l  01-650 paints)  and t h e i r  appropriate o values. 
S 
4.5.2.2 Sequence 
CREF-13 was operated as  an UV-only rad ia t io r  t e s t .  Spectral  
ref lectance measurements (in-vacuo) were recorded p r io r  t o  i r r ad ia -  
t ion ,  a f t e r  exposures of 435 EST' 1100 ESH and OL 2100 ESH,  and 
jn 0 a f t e r  f i n a l  i n - s i t 2  tr,e.=.3. Tents. 2 
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and 1900nm. The 365nm wavelength was selected becailse it is very 
g . close to, but on the short wavelength side of, the F~r~damental 
i ; absorption edge, X cf ZnO, but on the long wavelength side of g ' 
that of Zn2Ti04. The 450nm wavelength is in a region of high i 
reflectance for Zn,Ti04. The 865nm wavelength lies within the 
L 
E 
. , 
S-bane. The 1900nm wavelength lies sufficiently far into the i-r 
. 
region that induced free carrier absorption ic the pigment, if 
present, will be ohservable and will not be masked by the natural 
absorption cf the binder. Representative spectra are given in 
Figs. 4.65-70. 
- - 
. . 
,+' 
,. - . 
: i  
J ' i  
;.. 4.5.2.3 Results 
In Table 4.11awe present for better insight the spectral de- ; j  
h i  gradation at several selected wavelengths: 36511x11, 450nm, 865nm, 
For reference, the original COP batches LH-30, LH-31, and 
LH-51 were co-precipitated from oxalic acid solutions at \9O0C 
with hold times of 1 hr for LH-30, and of 4 hrs for LH-31 and 
LH- 5 1. 
Pigment calcination temperature apparently does not have a 
strong influence on W radiation stability although 1200°C 
temperatures tend to produce pigments more stable than that of 
900°C. All of the paints substained UV damage, roughly half 
of which is pigment surface-related. The permanent damage, 
occurring mainly in the visible and Rear UV regions of the spec- 
trum, may be s~bject to reduction by better control of initial 
(oxalate) stoichiometry. The acetic acid wash (followed by a 
re-calcination at 1000°C) has a beneficial effect on initial 
reflectance, without significantly affecting photo-stability. 
The unusual degradation which occurred in LH-31 and LH-51 
pigmented paints contrasts with the relatively go3d stability 
of the paints made from the LH-30 serie~ pigments. This 
difference in behavior between LH-30 pigments an(! the others 
poicts to a possibly significant difference in the Zn/Ti ratio 
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of the co-precipitate as a result of different hold times. The 
shorter hold time favors a higher ZnjTi ratio. This possibility 
apparently is reduced in its effect by the A-10 treatment. 
Baking the paints overnight at 250°F tends to have little 
effect on Aa . pigments calcined at 1209°C seem to be slightly 
s ' 
more stable when baked than those made from 1400°C pigments. 
4.5.3 IRIF Test No. 1-67 
The purpose of the IRIF-1-67 space simulation test (ref. 4.9) 
was to determine the effects >f calcination temperature and of 
acid removal of ZnO from Zn2Ti04 pigments on the stability of 
Zn2Ti04/OI-650 paints when subjected to UV irradiation. 
4.5.3.2 Sequence 
In-situ reflectance measurements (in-vacuo) were made 
initially, after 540 ESH and after 2050 ESH; after the final 
in-situ measurements, oxygen was admitted to the system, and 
spectra! reflectance measurements repeated. 
Test Results 
Table 4.12 summarizes the as values for this test, while 
Table 4.13 presents some selected reflectance data. Representa- 
tive spectra are presented in Figs. 4.70-79. These spectra have 
been analyzed to determine the trends of several parameters and 
these have been summarized in Figs. 4.80-83. From these latter 
figures (graphs) we may deduce correlations of stability (i.e., 
Ass) with calcination temperature, Tc, of (bleachable) S-band 
damage with Tc, of stability with ZnO content, and of free ZnO 
content with Tc. 
The data in Figure 4.80 suggest an increased suscepti- 
bility of unwashed samples to degradation as a function of 
calcination temperature. For the A-10 (acid-washed and re- 
calcined) samples, this trend is reversed. 
Pigment 
Material* 
----- 
Table 4-12 
SOLAR ABSORPTANCE VALUES, IRIF TEST 1-67 , I r 
---- 
Solar Absorptance Values 
Initial 840 ESH 2050 ESH '2 Bleach . t  
--- - -- 
LH-52 (6- 9) (pwdr) .I56 .I68 ,173 .I63 - ,  1 ; 'I 
LH- 52 (6- 9) .287 .332 .370 .311 . , :  
LH- 52 (6- 14) .250 .330 .370 .298 
LH- 52 (6- 14-A- 10) .309 .338 .364 .327 
1 LH-53 (6- 11) .220 .254 .271 .234 
! LH-53(6-11-A-10) -286 .329 .351 .307 
LH-53(6-12) .262 .311 .325 .281 
- LH- 53 (6- 12-A- 10) .259 .299 .330 .280 
LH-53 (6- 13) .249 .315 .354 .290 
1 LH-53 (6- 13-A- 10) .304 .328 .352 .323 
D- 260** (pwdr) .14 .16 .17 .16 
*Unless designated "pwdr" (powder) all samples are COP Zn2Ti04/OI-650 Paints. 
* 
**Zn2Ti04, Powder coating; material obtained from Tektronix, Inc., - Solid 
State Reaction. 
Table 4-13 
SELECTED REFLECTIVE DATA FROM IRIF TEST 1-67 
Pigment 
LH-53(6-11) 
LlI-53 (6- 11-A- 10) 
LH- 53 (6- 12) 
LH-53 (6- 12-A- 10) 
LH- 53 !6- 13) 
LH-53 (6- 13-A- 10) 
LH- 52 (6- 14) 
LH-52 (6- 14-A- 10) 
bas* 
---- 
Total Permanent 
-- 
R&50/R350n* 
0.051 0.014 9.5 1.47 
0.065 0.021 11.5 1.09 I 
*Total Bas refers to tne in-vacuo loss; p:rmanent Aa to loss measured 
s ' 
after O2 admission (and subsequent bleaching). 
- -  1 j 
I 
9~7kRatio of initial spectral reflectance of 450nm to that at 350nm. 










Quite obviously,  a s  Fig. 4.80 shows, a c i d  leaching removes 
ZnO from the  ca lc ined  pigments but  wi th  l e s s  e f f i c i ency  a t  in -  
creas ing temperatures. The O2 bleach spec t r a  i c d i c a t e  s u b s t a n t i a l  
tll-induced S-band de-~elopment, which might be minimized by an 
appropr ia te  e n c q s u l a n t .  As Fig.  4.81 shows, t h e  same genera l  
t rends  a r e  apparent i n  S-band damage. 
Figure 4.82 shows the  r e l a t i o n s h i p  b~cween the  t o t a l  Aa of 
s 
a pa in t  and the  r a t i o  of R450/R350, t he  l a t t e r  r a t i o  being d i -  
r e c t l y  i n d i c a t i v e  of  f r e e  ZnO conten t .  This f i g u r e  a l s o  em- 
phasizes  t h e  value of acid-washing. However, the  curves f o r  un- 
t r e a t e d  pigments show a break correspo3ding t o  t h e  upper ca lc ina-  
t i o n  temperature ranges. The important point  i s  t h a t  ac id  wash- 
ing  does increase  s t a b i l i t y  of COP ZnpTiOL pigments - up t o  a 
po in t  I 
I n  Figure 4.83 we show the  e f f e c t  of ca l c ine t ion  tempera- 
t u r e  on t h e  r a t i o  R450/K350J whose log is  d i r e c t l y  proport ional  
t o  the  f r e e  ZnO content .  The data  hc--e s t rongly  confirm our 
e a r l i e r  observations of t he  importance of ac id  washing. In  
addi t ion ,  the  b e n e i i c i a l  e f f e c t  of ac id  washing i s  seen here  a l s o  
t o  e x i s t  only i n  the  lower temperature range,  ( i . e . ,  <1200°C); 
the  f r e e  ZnO content  increases  very g r e a t l y  with increasing tempera- 
t u r e .  
l'igures 4.80-83 emphatically d i sp lay  the  d i s t i n c t  d i f f e r ences  
i n  the  s t a b i l i t y  of pigments calc ined a: temperatures above 1200°C 
and those ?repared a t  and below 1200°C. 
4 .5 .4  IRIF Test  1-68 
-- 
4 . 5 . 4 . 1  Purpose/Description 
IRIF Test 1-68 ( r e f .  4 , lO)  was conducted t o  i r ~ ~ ~ e s t i g a t e  
the  proper t ies  and performance of Zn2Ti0 and two commercial 4 
pigments, a l l  produced by Tektronix,  I n c . ,  Beaverton, Ore. A 
major concern i n  t h i s  t e s t  xas whether (SS) Zn2Tid4 produced 
a*, - . . ... Y .,I-~.,.M'-~"-..--~~ 
I 
. ..- 
I I I - 
1100 1 200 I300 1400 
CAE1 NATION TEMPERATURE ,OC 
Fig -4.80 EFFECT OF CALCINATION TEMPERATURE ON Lo2 To4 STABILITY; 
UNTREATED VS ACETIC ACID WASHED PIGMENTS. 
/ @fl  
AFTER qBLEAC& @ /&ID wmjL 4 
-'ye=+-- --* --
CALCINATION TEMPERATURE 
Fig. 4.87 EFFECT OF CALCINATION TEMPERATURE ON Zn2 Tioq: 
REFLECTANCE CHANGE AT 900nm 
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using large scale manufacturing equipment would be stable. Two 
ol these pigments, bath zinc orthosilicates are in routine pro- 
duction at Tektronix. For further descriptions of these pig- 
ments, see par. 4.5.5). For reference purposes, samples of 
zinc oxide and of anatase titania, the precursors of Zn2Ti04 
in the SS process, were also irradiated along with a sample of 
rutile titania. All sarnples were irradiated as powders. 
4.5.4.2 Sequence 
Spectral hemispherical reflectance measurements were made 
of each sample prior to irradiation, after UV radiation exposures 
of 1340 ESH and 2570 ESH; after irradiation, the IRIF was back- 
filled to 760 Torr with oxygen and reflectance measurements were 
again ~ a d e  of each sample. 
4.5.4.3 Test Results 
The sample descriptions and test results are summarized in 
Table 4.14. The Tektronix Zn2Ti04 pigments obviously are quite 
stable. The ZnO and Ti02 pigments were irradiated for comparison, 
and, as expected, degrade moderately. (like many other surface- 
active pigments, they degrade severely in an organic binder). 
The zinc orthosilicate pigments are CRT phc,sphors manufactured 
by Tekfrcnix, one of wnich is intrinsically doped with mangajlese 
to improve its luminescence properties. Both are relatively un- 
stable. 
The performance of the Zn2Ti04 pigments in 01-650G vehicles 
has already been determined and reported (Ref. 4.12). Their per- 
formance here however, especially the bleaching behavior, con- 
firms that these pigments are inherently very stable. 
4.5.4.4 Analyses 
Figures 4.84-88 show the reflectance spectra of Zn2Li04 and 
Zn SiO (zinc orthosilicate) samples prepared by Tektronix. The 2 4 
spectra, (not shown) of a basic nixture of 2.05: 1 ZnO/Ti02 
(designated T-1), which was sprz.y dried at 250°C and not further 
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treated thermally, show substantial instability and, not surprisingly, Z 
free ZnO. The spectra of the same material which has been fired at 
900°C/9 hrs (designated T-2) appears in Fig. 4.84. Here the 
stability is excellent. The spectra also reveal slight bleaching, 
I 
again probably because of the moderate free 230 content. (The 
latter is also evident from the "knee" in the W reflectance spec- 
I 
..-L 
trum). Materials fired at 1200°C/l hr (T-3) and at 1250°C/24 hrs i 
rC 
(T-4) exhibit excellent stability as figs. 4.85 and 4.86, re- 2 3 . , .  :
spectively, show. In the firing process the T-3 material remained -* 1 ; 
'! * 
reasonably powdery, while the T-4 material formed large and very a ,I , $ ; 
hard "clinkers". Both, however, exhibit very little bleaching, .., ! - 
while the T-4 material shows a substantially greater proportion of *r ) 1 .  5 
I free ZnO, as indicated by the knee in the UV reflectance spectrum. 87 , - ! .  
, . 
This extends the observations made earlier, (see Fig. 4.83) regard- a* . ! .  . . 
, , 
ing the increasing ZnO concentration with increasing calcination 
- .. - 
temperature. 
- * 
The zinc orthosilicate (Zn2Si04) samples, also supplied by -. - ,  
! 
Tektronix, are not as stable as Zn2TiOl From a comparison of ". a 
' 1  
the spectra in Fig's 4.87 and 4.88, it is obvious that mangan?se , > .  - 
- - 
. , 
4 - 
doping stabilizes Zn2Si04 against the production of bleachabre 
". 
infrared damage but does not confer any significant degree of over- 
all optical stability upon this material. 
4.5.5 IRIF Test No. 1-69 
4.5.5.1 Purpose/Description 
This test (ref. 4.11) involved a series of Zn2Ti04 pigments . L .* 
produced in a plant with a large manufacturing capability for 
specialty pigments The purpose, consequently, was to evaluate 
. , 
the properties and performance of Zn2Ti04 pigments manufactured 
,,,* . : ,.  
in a large-scale production facility. 'j ,; 
-. t 
Except for one IITRI pigment, all of the pigments tested 1 1 ,.I. 
were obtained from Tektronix, Inc., Beaverton, Ore. through the 
courtesy and cooperation of Dr. Ralph Mossman. IITRI furnished 
the preparation instructions and approximately ten (10) pounds 
L1 each of SP-500 ZnO end anatase titania (a-Ti02), Tektronix pre- pared these materials by first slurrytng in dgstilled water at 
i a 2.051ZnTi mole ratio, drying the slurry in s large high tempera- 
.- ture spray-dryer, and then by calcfning according to specified 
1 temperature schedules. Table 4.15 describes the materials in- 
' 1 I. valved. 
Table 4-15 
Tektronix Pigments 
Designations - Descriptions 
IITRI 
-
Tektronix 
T- 1 5-1156-65 Spray-Dried, Unfired 
T- 2 5-1156-658 Spray-Dried, Fired at 900°C/8 hr. 
T- 3 5-1156-65B Spray-Dried, Fired at 1200'~/1 hr. 
T- 4 5-1156-65C Spray-Dried, Fired at 1250°C/24 hr. 
T-1 is a simple mixture of ZnO and a-Ti02; the spray-drying 
temperature, however, was apparently sufficiently high to effect 
some conversion to Zn2Ti04. The T-1 preparation is the precursor 
material for the other T-series pigments. 
4.5.5.2 Sequence 
Spectral reflectance measurements were accomplished (in-situ) 
prior to W irradiation, after 915 ESH, 2085 ESH and after 2660 
ESH; a final scan was made after the system pressure was increased 
to 760 torr using pure 02. 
4.5.5.3 Test Results 
The materials tested in IRIF 1-69 are listed in Table 4.16 
wherein also are the pertinent test results. The materials are 
grouped according to their descriptions in Table 4.15. In this 
i i: particular test, with a relatively new basic pigment, a few ex- $ ? ,  
L I ! amples of sample notation may be useful. Under T-2, we have 
f -- listed, for example a) "powder", b) "01-6501', c) " : K23i03 powder", 
F 
c I, and d) "(A-10)/OZ-650". These descriptions refer respectively 
to the T-2 pigment which was irradiated a) as a powder, b) as an 
m  a0 
9 m &EBRODUrnIr.r?-i: np nre 
I 
c3 el W I N A L  PAGE is &:{;it 
. . 3 
b o o m  
m o m  
N m c l  
. . .  
01-650 paint. c) as a potassium silicate -encapsulated pigment 
(powder) ; and, d) as an acetic acid washed pigment, fired at 
1000°C/2hx, and then dispersed in 01-650 resin. 
The spectral reflectance curves are presented in Figures 
4.84-4.1.00. Solar absorptance values and selected spectral re- 
flectan:!e data are presented in Table 4.16. The column in this 
table designated & gives the value of the highest reflectance 
of the unirradiated material in the spectral region 325 to 260Gnm. 
The next column, Rk, lists the reflectance values of the un- 
irradiated materials at 370nm. The significance of Rk, the "knee" 
reflectance, is that it relates to the amount of free ZnO pre- 
sent in the pigment. 
The initial reflectance spectrum of sample No. 6, (T-2:K2Si03/ 
01-650G), was scaled improperly. Hence, in the analysis of the 
performance of this material we will rely primarily on the relation- 
ship of the "irradiated" spectra to one another. Other performance 
data, such as the AR at BOONn, were also studied, but they have 
not been listed because, in the case of these pigments at least, 
there has been no substantial S-band damage, that is, UV-indaced 
reflectance losses of 5% or more. In fact, most materials suffered 
less than 2% reflectance loss in this region, where sensitivity 
to surface defects becomes strongly prominent. 
4.5.5.4 Conclusions I 
-. - 
The Tektronix pigments and paints demonstrate very good I 
optical stability. In terms of induced solar absorptance change, 
they compare very favorably with the IITRI baseline pigment, 
LH-53(6-12), (Fig. 4.100). The best paint tested was T-2/G 1 
(Fig. 4.91); among the Tektronix pigments not only did this 
material display the best stability (bas = 0.046). but it 
possesses the lowest aolar absorptance (as - 0.112) again de- 
monstrating the inherently good properties and stability of 
zn2Ti04/G paints. 
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Nigh reflectmace as well as good stability is attained at 
900°C. thus negating, for these pigments at least, any advantage 
of a 1200°C calcinstion. It mray be that an intermediate tempera- 
ture might produce an even more stable pigment, particularly 
since T-4 pipehts (1250°C/24hr) have not displayed as good 
stability. 
For Tektronix piguaents the acid leaching and subsequent re- 
calcination qt 1000°C/2hr. in every case enhances the visible 
reflectance but does not substantially affect optical stability 
The A-10 treatment, therefore, remains as a reasonable approach 
to the improvement of as of these paints. The effectiveness of 
encapsulation of these pigments with K2SiOj, though this process 
is somewhat valuable in improving a s ,  cannot be as easily deter- 
mined. In general, encapsulation of Tektronix pigments tends not 
to affect stability. This latter observation is true mainly be- 
cause these particular pigments show little, if any, tendency 
to surface defect formation as evidenced by a reflectance loss 
in the 9 0 h  region. 
The test results make it plain that the Tektronix spray-dry 
process is a viable one. The pigments are inherently stable and 
the paints made from them are also sufficiently reflective and 
stable that we can consider this process a logical alternative 
to the current processes. Understood in proper perspective, the 
Tektronix process would require, as would any other, extensive 
testing and further development. This test simply demonstrates 
that the method is clearly worth pursuit, if current methods are 
shown to be insufficient. 
4.5.6 CREF Test No. 15 
The beneficial effect of acetic acid leaching of Zn2Ti04 
pigments containing a ZnO excess is well established. In CREF 
Test No. 15 (ref. 4.12) the acid leaching process is investigated 
more closely to elicit the effects of individual operations in 
the treatment of acid-leached pigments including post-calcination 
and encapsulation. The test scheme is embodied in the sequence 
of thermal and chemical treatments: 6-12, 6-12-10, 6-12-A, and 
6-12-A-10. 
4.5.6.2 Sequence 
Reflectance scans were made prior to irradiation, after ex- 
posures to 470 ESH, 1150 ESH, 1650 ESH axd to 2190 ESH, and 
finally after a post-irradiation 0 bleach (at 760 Torr). The 
samples were not subjected to prot&n irradiation. 
4.5.6.3 - Test Results 
Solar absarptance values are given in Table 4.17. Table 
4.18 provides relevant diagnostic data. Reflectance spectra of 
all the test samplrs are presented in Figures 4.101-107 inclusive. 
Most obvious are the facts that re-calcination is necessary after 
an acid wash, and that S-band absorption zrises principally from 
UV-activated surface defects. The degradation is much greater 
in the case of the Li2Si03-encapsulated pigment. This encapsulant 
is obviously not effective; in fact it appears to magnify the 
damage, as a comparison of the S-band development in Fig's 4.103 
and 4.106 shows. The O2 bleaching in the case of the Li2Si03- 
encapsulated pigment leaves little doubt as to the validity of 
this assertion. However, the residual acid (from the leaching 
process) may block the encapsulant and prevent its attachment 
to the pigment surface; other explanations may exist and include 
a reaction between the residual acid and the Li2Si0 3 ' But, as 
an encapsulant, Li2Si03 does not provide protection against the 
formation of the optical defects causing ARgOO as is evident 
in comparing the performances of paints with Li2Si03-encapsulated 
pigments with those af  paints with un-encapsulated pigments. 
In Table 4.18 are some of the pertinent properties and per- 
formance indices. Using the LH-102(6-12) data as a baseline, it 
is evident that only the A-10 treatment produces any significant 
improvement, that the -10 treatment alone has essentially no 
effect, and that ihe -A  treatment alone drastically increases 
A .  The effects of Li2Si03 on LH-103(6-12) are to increase Rk 
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and a lso  Aa,. The tendency of the encapsulant t o  increase Rk is  
I also noticeab?.e i n  the LH-102 se r ies  of pigments. The -LH-103 
se r ies  paints  have much lower Rk values than do those of the LH-102 
** 1 \ ser ies .  This apparent anomaly may resu l t  from a s l i gh t  difference 
i 6 i n  the i n i t i a l  Zn/Ti r a t i o .  
17 The s t a b i l i t y  of the LH-102(4-12-A-PO) paint is excellent.  
6 -  The other paints ,  with the exception of the "A" t reated ones, 
i 7 respond nominally t o  a 2190 ESH exposure. In the  LH-102 se r i e s ,  j-i 
,. 
.4 the Li2Si03-encapsulant great ly increases the degradation a t  400m. 
. . The spectra reveal a lso  that  the degradation in  a l l  cases occurs 
8. . 
i . 
:: 
primarily i n  the v i s ib le  region of the spectrum and i s  non- 
- . 
bleachable i n  02. 
: I 
Conc lus ions 
5 
; pj The A-10 treatment i s  effect ive and helpful;  the -"A" t r ea t -  ment alone, however, has obviously deleterious e f fec t s ,  while the 
-"lo" treatment i s  re la t ively  innocuous. Encapsulation of these 1 j 1: 
-- ' 
pigment3 i n  Li2SiQ3 i n  general decreases environmental s t a b i l i t y  
, t and i n  some instances actual ly appears to  accelerate the degrada- 1 :  t ion  of the vehicle. The value of as i s  somewhat higher i n  these i ser ies  than i n  other paints prepared from COP pigments, pa r t ly  
I ( ,  
r 1 '  
,; : 
because of a non-optimized par t i c le  s ize  and par t ly  because of 
+ ,  i - i  the low % values. 
IRIF Test 1-70 
4.5.7.1 Purpose/Description 
IRIF Test 1-70 (Ref. 4.10) was designed and conducted t o  dis-  
$ cern optimum treatments fo r  the (COP) baseline (6-12) pigment, f 4
,? - -  
, a " ,  
F i specif ical ly acet ic  acid washing, recalcination and encapsulation. 
C r- 
k $ 
- '2 rr 
4.5.7.2 Sequence 
-
. - 3, 
p .  Reflectance measurements were made ( in-s i tu)  pr ior  t o  W 
+ i r radia t ion,  a f t e r  540 ESH, 1060 ESH and a f t e r  3130 ESH; a f i n a l  1 
< scan was made of cer ta in  samples a f t e r  the system pressures was : I increased to  763 to r r  using pure 02. I a. t ;i 
i i 
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4.5.7.3 Test Results 
The materials tested in IRIF 1-70 are described in Table 4.19, 
wherein also are pertinent test results. All the pigments have been 
derived from batch LH-106 and all samples are 01-650G paints. Re- 
presentative reflectance spectra are presented in Fig's 4.138-111, 
inclusive. Table 4.19 and the figures are organized to chow pro- 
gressively the effects of acetic acid washes, recalcinations and 
encapsulants. 
In Table 4.20 we summarize some of the relevant data. A 
general survey of the spectrt: shows that most of the paints are 
relatively stable. The induced changes range from 0.12 for the 
paint with the pigment (6-12):K2Sig3 to 0.34 for that with the 
(6-12-10) treatment. The 6-12 pigments of LH-106 do not exhibit 
a "knee", i-e., a low value of Rk. Consequently, the resulting 
"lmee" reflectance R360 values range from 72 to 76%. 
Table 4.20 suggests that, in the LH-106(6-12) pigments, 
acid washing has no significant effects, and, most importantly, 
that K2Si03 provides much better protection than do any of the 
other encaps~tlants. This may be seen both at 400nm and at 9OOrm 
in all three series. The spectra of most samples show oxygen 
bleaching, (i. e. a recovery of AR The ARgOO data are 
particularly important because they indicate the effectiveness 
of an encapsulant. For instance, the .07/.01 ratio for ARgOO 
of the (6-12) pigment reflects the fact that it is unencapsulated. 
In the same series the K2Si03 permitted a ARgOO of only -01 (02 
bleaching spectra were not taken for this sample). The values 
of AR before and after O2 bleaching a t  both 400nm and 900nm 
provide a measure of how good an O2 barrier the encapsulant is. 
Consideration of both wavelength values is necessary, because 
in some instances absorption bands in other spectral regions 
affect the ARgO0 value. At 400nm the oxygen effect may result 
from an oxygen-related defect in the resin; equally likely it 
may be provoked by the encapsulant or the surface defects of an 
unprotected pigment (Ref. 4.7). 
, ,  i. ' < ,  . . ., . 1- 
, 
--....- .-..-.,.- - ,  . -. ., - ---- --- 'a- 
TABLE 4-20 
SELECTED IRIF-1-70 DATA 
*AR values a re  given before and a f t e r  O2 bleaching. 
4 .5 .7 .4  - Conclusions 
The LH-106 s e r i e s  i s  obviously an i n t r i n s i c a l l y  s t ab le  pigment 
and r e s u l t s  i n  very s t a b l e  paint  systems. The f a c t  tha t  none of  
the three s e r i e s  prepared evidences a knee may bear upon the ex- 
planation f o r  t h i s  s t a b i l i t y .  We observe a l s o  tha t  acid washing 
should not be expected to  produce any s ign i f i can t  r e s u l t s  i n  a 
pigment which has no "knee". Further,  a stoichiometry i n  which an 
excess of e i t h e r  ZnO, Ti02 o r  other  react ion product(s) i s  not  
evident may a l so  create  a d i f f e ren t  defect s t r u c t u r e ,  thus chang- 
ing the amount and nature of the surface defects whose o p t i c a l  
e f f e c t s  an encapsu l~~n t  must mit igate  o r  prevent. 
Some of the 1-70 paints  were i r r ad ia ted  i n  CREF-16,  which 
w i l l  be discussed l a t e r  i n  d e t a i l .  These pa in ts  substained much 
grea ter  degradation i n  CREF-16 than was evident i n  1-70.  A 
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l a t e r  inspectior1 of the IRIF disclosed t h a t  a corroded heat ex- 
changer had introduced contamination i n  the A-H6 wPter cooling 
I;, 
t - poses. Since the absorption introduced i n t o  the A-H6 cooling 
- 6 "' 
. . water very probably increases strongly with decreasing wavelength, 
? - 
8 ,  
the s i l icone  res in  would ten4 t o  look very much more s t ab le :  
" AR400 vaiues f o r  IRIF-1-70 a re  therefore subs tan t i a l ly  i e s s ,  ccm- 
I . ,  
! , '  
parat ively , than those f o r  CREF-16. 
IRIF Test No. 1 - 7 1  
The sam?les i n  I R I F  Test No. 1 - 7 1  (def. 4. l o ) ,  with the ex- 
ception of S-13G, a re  a l l  Zn2Ti04 powder f i lms on IRLF coupons, 
8 . .  
The f u l l  complement of t e s t  samples i ; s  l i s t e d  i n  Table 4 .21 ,  
, , along with t h e i r  associated so la r  absorptance value< .te MOX-A 
materials  (where MOX r e f e r s  t o  "mixed oxalates" ana A", to  a 
spec i f ic  batch) d i f f e r  from previous Zn2Ti04 pigments i n  two 
important ways. F i r a t ,  and most important, an e r ro r  was rade i n  
the formulation of the MOX-A mater ial  resu1tir.g i n  a 1 .k9: l .O 
1.49 ZnITi mole r a t i o  ra ther  than the theore t ica l ly  required 
2.0 value. This w i l l  be discussed in  d e t a i l  i n  a s~ibsequent 
sect ion.  Second, the MOX-A pigments were prepared by mixing 
1 . 
individually prec ip i ta ted  zinc and t i  tar~ium "oxalates" and ther. 
converting the mixture to  Zn2Ti04. This d i f f e r s  f r o ~ ~  previcus 
* Zn2Ti04 pigments i n  tha t  t h e i r  precursors were copracrpitated and 
1 then converted. The important advantage t o  the MOX method i s  the a b i l i t y  t o  u t i l i z e  optimum s i z e  precursor oxalates ,  thus 
allowing control  of the pigment p a r t i c l e  s i z e  upon conversion. 1 
system, diminishing i t s  W transmission and thus the e f fec t ive  
UV in tens i ty  a t  the sample loce t ian .  (The !'\I monitor not being 
spec t ra l ly  se lec t ive ,  showel only a small reduction i n  t o t a l  
in t ens l ty ) .  Nevertheless the comparative r e s u l t s  of 1-70 and 
the conclusions reached from them remain va l id ,  - with two 
q u a l i f i : a t i o ~ ~ s .  The data should not be used f o r  engineering pur-  
-k 
-k 
h 
h N 
n n n  C V -  
N u. m V I  h r n  * A  
h \ O L n V I t s  * O O C \ I -  
*arc\\ 
. . O O O L n c ( I C \ I ~ ~  1; i rl 1 \ o a c ( v  d I c-l 6 & 2 &  9 r - i d N  I v a
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r l " l X X Y A X X  x A f-4 Zv# 
0 0 0 0 0 0  0 0  1 4  B a X ~ ~ Z Z Z ~ ~ ~ Z ~ V 1  
a 
m 
.I 
Also in the test complement is a sample of "MOX", the 
original mixed oxalate batch with a Zn/Ti mole ratio of 2.05:l.O. 
For comparison purposes two samples of a COP pigment are also 
included. 
An experimental pigment, silicon nitride, was included be- 
cause of its very high purity and good whiteness. S-13G was 
placed in the test as a control. The test was carried out to 
evaluate the MOX method samples and to compare their properties 
and performance with other Zn2Ti04 pigments. 
4.5.8.2 Sequence -
Reflectance measurements were made prior to irradiation, at 
exposures of 130 ESH, 460 ESH, and (for 2 selected samples) at 
1060 ESH, and (again for the same 2 samples) after a post-irradia- 
tion O2 bleach. 
4.5.8.3 Test Results 
Properties and performance data are presented in Table 4.21- 
Table 4.22 points up some differences between MOX-A, MOX and 
LH-103 pigments. The reflectance spectra of the samples appear 
in Figures 4.112-119 inclusive. 
As Table 4.21 shows, the degradation of the MOX-A  pigments 
exceeds reasonable limits. The test (for all but the S-13G and 
the MOX ~isment samples) was terminated after only 460 ESH. This 
was done because the degradation of Zn2Ti04 irradiated as a pig- 
ment is always less than in OX-650G paints. The results, none- 
theless, are very informative. The absence ----of substantial d a m a ~  
in the S-band of the MOX-A - pipents raises a serious challenge to 
our long standing requirement for a 2.05:l.O Zn/Ti mole ratio in 
Zn,TiO, pigments. This requirement was based on two observations: 
L. 
one, that a Zn excess in the Zn2TiOl product can be chemically 
extracted, while a Ti excess can not; and, second, that a Ti ex- 
cess would promote S-band damage, presumably caused by photo- 
+4 hv  induction of the reaction T, -- T~ +3 This second observation 
may indeed yet be true for SS pigments. 
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4.5.8.4 Analyses 
Table 4.22A contains some data which may relate to the 
amonalous lack of S-band development. We associate low values of 
Itk with fundamental absorption due to excess ZnO or of TiOr Wk 
therefore expect that Rk would be much lower in the case of MOX-A, 
than in the case of either "MOX" or LH-103. MOX-A, relative to 
the stoichiometry of Zn2Ti04, cmtains a 25 mole X excess of Ti 
while the latter pigments contain approximately 2 mole % excess 
of Zn. Significantly, the % values of the MOX-A piguicnts differ 
substantially from one another but, rather than being lower, Rk 
of the MOX-A pigment is higher than that of the others, thus 
evidencing no free TiOZ 
The influence of temperature and time on the properties and 
performance of MOX-A pigments is shown in Table 4.22B. The improve- 
ment of Rk with increasing calcination temperature and time stands 
out clearly. Generally, while the effect of temperature is as 
expected, it considerably surpasses that of time at temperature, 
but the net effect of time may be either beneficial or adverse. 
The adverse effects of time at temperature on S-band damage 
(bRgO0) in the 6-10.5 series contrasts with its desirable effects 
in the (6-12) series. 
In summary, IXIF-I-;& test results, primarily those of Aa 
9 ' 
clearly demonstrate the instability of MOX-A pigments. The pro- 
perties and performance of these pigments, $hose Zn/Ti mola ratio 
is at substantial variance from the theoretically necessary 
stoichiometry of Zn2Ti04, raise fundamental questions about the 
true nature of the precursor oxalates, the chemistry of their 
conversion to titanates, and the sensitivity of optical properties 
and environmental stability to pigment stoichiometry. We 
addrsss these questions in subsequent investigations. 
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4.5.9  CREF Test  No. 16 
Duplicate samples of ma te r i a l s  previotssly i r r a d i a t e d  i n  
IRIF Test  No. 1-70 were i r r a d i a t e d  i n  CREF Test  No. 16 ( r e f .  
4.10) i n  order  t o  extend our knowledge of t he  Eore s t a b l e  COP 
Zn2Ti04 pa in t  systems. (The purpose w a s  no t  t o  compare t he  de- 
gradat ion data  obtained i n  CRBP-16 wi th  those i n  IRIF-1-70). 
A l l  of the  pigoents i n  t h i s  t e s t  a r e  ZnZTi04 prepared from 
I I T R I  batch LH-106 COP Zn2Ti04. IITRI batchcs LH-103 (%19X), 
LE-104(%39%) and LH-105(%42%) were blended t o  make LH-106. A l l  
samples a r e  01-650G pa in t s  cured a t  325°F f o r  16hrs. The de- 
s c r ip t ions  of t h e  pigments involved a r e  given i n  Table 4.23 
along with  t h e i r  re levant  t e s t  da ta .  
4.5.9.2 - Sequence 
Diffuse r e f l ec t ance  measurements were performed on each 
sample before i r r a d i a t i o n  and a f t e r  exposure co 335 ESH, 900 ESH, 
2750 ESH and 4720 ESH. A p o s t - i r r a d i a t i o n  oxygen bleaching ex- 
periment was not  conducted. Two of the  samples (Nos. 5 and 12) 
were exposed t o  a f l u x  of 1 .2  KeV proton r a d i a t i o n ,  est imated 
t o  be approximately 1015 ~ / c m 2 .  
4 .5 .9 .3  Test  Resulcs 
The re f lec tance  spec t r a  of t h e  p a i n t s  a r e  sho~m i n  Figures 
4.120-125. It should be noted t h a t  these  pa in t s  a r e  dupl ica tes  
of those i r r a d i a t e d  i~ IRIF Test No. 1-70 thus providing a a t a  
d i r e c t l y  comparable t o  those obtained i n  IRIF Test  No. 1-70. 
Table 4.24 presents  t he  da t a  which can be compared; where i t  is  
most apparent t h a t  degradation i n  t h i s  CREF t e s t  g r e a t l y  ex- 
ceeds t h a t  i n  t he  previous IRIF t e s t .  
In  the  present  case ,  the  l a r g e s t  incremene i n  na occurred 
S 
i n  the  f i r s t  335 ESH. ~ f t e r  4720 ESH, maximum Aas c.064) was 
exhibi ted by the  (6- 12-A-10) system; the  l e a s t  (. 028),  by the  
(6-12-A-10):Li2SiOj system. The exposure corresponds t o  approxi- 
mately one-half year of continuous exposure t o  the  sun ( a t  1 A.U.). 
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All of the paints performed quite well, even thouph the data 
differ. It should be noted that the differences between CREF 
and IRIF test data are of the order of 1-2% in reflectance for 
samples 7-10; that samples 5 and 12 definitely overlap the pro- 
ton beam, and that samples 6 and 11 may have "seen" some stray 
proton radiation. Those samples which display the greatest 
differences were also more strongly affected by the combined 
(W + p+) radiation flux. In any event CREF-16 degradation con- 
sistently exceeds t'lat in 1-70. 
4.5.9.4 Analyses and Conclusions 
Several possible explanations exist for the CREF-16/1-70 
discrepancies. The difference in solar factor (6X in IRIF vs 3X 
in CREF) can be significant, particularly since the degradation 
mechanism for S-band development is of second order. It is un- 
likely, however, that this explanation is sufficient, siqce much 
of the degradation occurred outside the S-band. Contamination 
is another possibility; the fo-~r other samples, (1-4 in this test), 
experimental clear films being subjected to combined UV and pro- 
ton irradiation, may have undergone decomposition and outgassiag. 
Still another pzssibility, briefly mentioned in the discussion 
of 1-70 test results, is the loss of short wavelength W radia- 
tion as a result of contamination of the irradiation source 
cooling water. 
Before either 1-70 or CREF-16 test results can be fully 
evaluated, their differences must be explained. We believe that 
the 1-70 samples were indeed under-exposed, and that C-16 samples 
were contaminated; previous tests have resulted in data midway 
between their respective results. In the case of 1-70 intra- 
test ~on~~arisons are valid, except with respect to binder de- 
gradation. C-16 data, however, are much more questionable be- 
cause of the unknown effects of contamination, especially in 
those samples exposed to p+ irradiation. C-16 data, consequently, 
should be accepted only qualitatively, except that unirradiated 
properties data are entirely representative and valid. Finally, 
C-16 test data, regardless of their anomalous differences, lead 
to the same conclusions as were obtained in 1-70. 
4.5.10 Summary and Conclusicns 
In the case of 01-650 paints, an encapsulant serves two pur- 
poses - first, as a physical barrier to photodesorption from the 
pigment surface, and secondly, as an electronic barrier to i~ter- 
actions of electrons or free radicals in the silico~e wirh the 
pigment surface, such as discussed in Ref. 4.16. The appearance 
of the S-band in 01-650 paints with otherwise stable pigments 
suggests either that the encapsulant is not intrinsically effec- 
tive in preventing the pigment-vehicle interactions or that its 
surface coverage is incomplete, or both. O2 bleach results show 
higher initial S-band absorption, almost certainly attributable 
to a pigment-encapsulant interaction. The S-band degradation 
due tc irradiation has been at least partly 0 -bleachable, 2 
suggesting incomplete coverage. From observations of UV-induced 
S-band development and post-irradiation O2 bleaching behavior, 
we conclude that potassium silicate is the most effective en- 
capsulant, because complete coverage is apparently easily obtained 
and because it does not cause directly, nor predispose the pig- 
ment to, excessive S-band absorption. 
With minor exceptions the COP pigments and the paints pre- 
pared from them exhibit greater stability than those derived from 
the "MOX" method. In the series of tests, from IRIF 1-70 to 
CREF-16, it is also evident that encapsulation will be required 
for most pigments and that K2Si03 represents the best choice 
of encapsulants. Very clearly, the use of acid-washing, when 
indicated by low Rk values, must be followed by re-calcination. 
A recalcination by itself proves to be of no advantage or dis- 
advantage. 
Pigments prepared via the MOX method exhibit properties which 
can be controlled by setting appropriate preparative conditions. 
The added flexibility of the MOX mathod (over the COP method), how- 
ever, has not been fully explored; nor have the properties of 
MOX pigments vs Zn/Ti stoichiometry been sufficiently pursued and 
understood. The unexpected properties and performance of the 
MOX-A pigments ended the notion that titanium atom excesses were 
responsible for the degradation of ZnqTi04, or at least the S-band 
in it. They certainly made it clear that the phase relationships, 
and the chemistry, of Zn-Ti compounds in the formation of Zn2Ti04 
are poorly known. 
In general, the effects of various calcination parameters, 
chemical treatments and other processing parameters are relatively 
predictable. Moreover, the overall results of environmental 
testing point up the inherent stability of Zn2Ti04 pigments. 
The COP method of Zn2Ti04 production leads to a better all-around 
pigment than does the MOX method, although the latter holds some 
definite and worthwhile advantages. 
With reference to paint stability the basic problem is one 
of electronically isolating a stable pigment from the binaer, 
thus preventing their mutual interaction. Determining pigment 
production parameters and conditions that lead to reduced pig- 
ment surface activity, e.g., via encapsulation, will solve this 
problem. 
ENVIRONMENTAL TEST REPORTS - PART 111 
---- 
Part I11 test reports pertain to "MOX" Zn2Ti04 pigments. 
These have been prepared from oxalate precursors which have been 
separately precipitated. 
4.6.1 IRIF Test 1-72 (Ref. 4.10) 
- 
The unusually high reflectance of "MOX" Zn2Ti04 pigments along 
with an appreciation of the stoichiometric deficiencies of MOX-A 
ZntTiO pigments prompted the production and testing of another 4 
"MOX" pigment batch, in this case designated MOX-B. We distinguish 
the meaning of the terms "MOX" and MOX: "MOX" refers to the pre- 
paration method, and MOX, to the designation of the first batch 
of pigment made by the "MOX" method. IRIF-1-72 was conducted to 
evaluate "MOX" pigments with a Zn/Ti ratio of 2.05:1.0, prepared 
as powders and OI-650G paints, and also to compare their pro- 
perties and performance with an earlier "MOX" pigment, in this 
case, designated MOX. 
4.6.1.2 Sequence 
Diffuse hemispherical reflectance measurements were made 
in-situ on each sample prior to irradiation, after exposures to 
175 ESH, 560 ESH, 1560 ESH and to 2630 ESH, and subsequently 
after exposure to 760 Torr of pure 02. 
4.6.1.3 Test Results 
The MOX-B pigments precursors were calcined at different 
calcination schedules of three temperatures each and at diffe- 
rent calcination times. The majority of the samples, as Table 
4.25 shows, are OI-650G paints. The remainder are MOX-B powder 
films, a MOX (original "MOX") pigment, and a sanple of S-13G 
paint. ieflectance spectra of the "MOX" samples are given in 
figures 4.126-136. Pertinent data are summarized in Table 
4.25. The results confirm the fact that OI-650G pzints are 
always less stable than the pigments fro~r, which they are made 
and always inferior to them in reflectance properties as well. 
Also evident is the better stability of the 6-12 pigments. 
The stability of MOX-B paints, however, is only moderate. 
The various properties and environmental performance indices 
compiled in Table 4.26 support the above conclusions and several 
others of importance. The earlier statement regarding the superior 
properties of pigments vs paints made from them is shown to be 
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valid on several bases. R., the "knee" reflectance, of powders 
tends to remain rather independent of temperature and time, con- 
trasting rather sharply with the MOX-A behavior. However, the 
differential between the greater degradation of the paint and 
the lesser degradation of its pigment (when irradiated se- 
parately) tends to decrease with increasing calcination tempera- 
ture (table 4.268). The improvement of AR400, ABgO0, and of Pas 
with increasing temperature clearly exhibit similar trends. 
Though Acts of powders increases mildly with increasing calcina- 
tion temperature, that of corresponding paints decreases sub- 
stantially. The factors which tend to amplify the absorption 
effect when a MOX-B pigment is dispersed in 01-650G quite ob- 
viously diminish with increasing calcination temperature. These 
dependencies should not be attributed to temperature alone, be- 
cause time at temperature, though a weaker influence, also has 
significant effects. The Pas values of the two powders in the 
6-10.5 series (Table 4.26A) exemplify this point; in this in- 
stance the effect of time is tc increase Pas of the powder and, 
generally to decrease it in the paints (Table 4.26C). A very 
notable effect is, of course, the decreasing ARgOO with increas- 
ing calcination time. Less obvious, but quite important, the 
full effect of time at temperature for all three temperatures has 
not been attained. Thus, it would seem that longer calcinations 
would be desirable. Such, however, may be contra-indicated by 
other factors, such as particle size growth. 
4.6.1.4 Conclusions 
The MOX-B paints display poor tc moderate stability, de- 
fintely not that generally observed in Zn2Ti04 paints. The 
stability of these systems, howev~r, clearly depends upon calcina- 
t'on temperature and time. Whiie the pigments alone demo~strate 
good performance, the binder "sensitizes" the pigment, causing 
much stronger S-band absorption to develop than in the pigment 
alone. The chemical nature of the pigment surface, and quite 
possibly of the pigment bulk, differs appreciably with calcina- 
tion temperature, with time at temperature, and also with Zn/Ti 
stoichiometry. 
Index 
Table 4-26 
SELECTED IRIF- I- 72 DATA 
Table 4 26A 
COMPARISON OF MOX-B POWDERS AND PAINTS 
Powder/Paint Proper ties 
6 5/2* I 8  2 
*Fi rs t  colunm/~econd column r e l a t e  in t h i s  case  to:  6-10.512 powder vs 
6-10.511 paint .  
Table 4-26B 
POWDER/PAINT RATIOS 
Ratios of  PowderIPaint Indices For: 
S e r i e s  . - Rk AR400 A R 9 ~ ~  
*Relates i n  t h i s  case  to:  6-10.512 powder vs 6-10.511 pa in t .  
Table 4 26C 
TEMPERATURE AND TIME EFFECTS I N  FAINTS 
Ser ies  : (6- 9)  (6- 10.5) (6- 12 )  
Times  : 4hrs 4hrs 8h D.5hrs - 2hrs 
-
16hrs 
-
'Ihr 
- -
rs 
Index 
Rk 32.5 3 2 33.5 36 3 6 37.5 34 
4.7 - STOICHIOMETRIC PIGMENT CHAk4CTERIZATION STUDIES 
- ----- ---- 
4.7.1 INTRODUCTION 
The intrinsic stability of ZnpTi04 pigments may not be 
achievable in practice unless the effects of variations in 
production process parameters and conditions can be discerned. 
The primary criterion, of course, is the environmental stability 
of the paint; how the variable conditions and parameters involved 
in the various preparative methods affect it is thus of major 
concern. One critical problem is that the exact Zn/Ti ratio 
in the final pigment to attain environmental stability is not 
easily determined, nor is the relationship between it and that 
in the precursor mixture. We have also assumed that the Zn/Ti 
ratio affects both the bulk and the surface properties and thus 
are faced with the possibility that stabilization of bulk pro- 
perties may require a different Zn/Ti ratio than that which 
would confer surface (S-band) stability. We are reasonably cer- 
tain that tke MCX precursor components (ZnOx and "TiOX") are 
chemically identical to those in the COP precursor mixture. 
The assumption, however, that, at least above some minimum 
temperature, Zn2Ti04 is the major (or even only) prcduct of the 
calcination of those precursors has raised some serious questions. 
To address the central questions in the relationship of pig- 
ment stability to Zn/Ti ratio, we must examine the theoretical 
backgrognd and experimental vractice involved in the manufacture 
of Zn2Ti04. Our basic belief holds that Zn,Ti04 is indeed a 
L 
true compound rather than a solid solution of cnrpcunds; Zn2Ti04 
is not ZnO. Tic .Zn0 or s sisilar ccmpound. Fig. 5 .137  displays 2 
th.e reflectance spectra Fr: t.he op t . "ca i  band gap regions of ZnO, 
of anatase and rutilc Ti02 and of t.he l . 9 5 . 1 . 0  ( Z n / T i )  product 
of COP oxalate prc -cu r so r s ;  i: L s  :].car that ezciz is distinctly 
differe~t f r o m  t h e  o tF!~rs .  3ecausc t-t7e fundamental optical band 
gaps of material c; arc i l l  trir,!;i c chnrc:ctc.ri::t:ics, rhe e i  gnj ficance 
of their ref1 ect:ancs~ ,=,>PC (:re i.n rkt2 fcl- 'ai!:~n!-<q l ,~bso:ption region 
becomes central t o  t l?e <r*?~.t-pi:ctat i.or: of n l  1 01 our s toichiometry 
COMMRISON OF REFLECTANCE 
SECTRA OF ZnO , Q-Ti02. r-TiO2 
370 
n I I r , ! 1  I I I 1 I I I I I w -  - r 
- 7 
325 3 5 0  375 900 425 450 475 60 
WAVELENGTH. nm 
experiments. The essential point is that tile band gap wave- 
length of a material is characteristic and thus indicatrve of 
the material creat!.ng the absorption involved. Though X-ray, 
SEM, gravimetric and other analyses are available, analyzing the 
effects of Zn/Ti sroichiometry in terms of optical spectra pro- 
vides a high degree of relevance with respect to our primary 
application. 
4.7.2 Process Chemistry 
4.7.2.1 dackground -
Thz underlying basis for the production of zinc orthotitanate, 
Zn2Ti04, from oxalate precursors resides in their ~nstability 
when heated and in the evmtual reaction of the "oxalates" or 
their reduction products to form Zn2Ti04. The chemistry of the 
reactions, however, has not beer. well undsrstood. In previous 
studies of ZnZTi.O pignents, it had bee established that an ex- 4 
cess of ZnO in the Zn2Ti04 product is necessary (Ref. 4.7). The 
rati~nale was that a ZnO exces- could be removed by appr~priate 
chemical treatmenc, whereas a Ti02 excess could not, and that a 
%no excess would not proniote Zn2Ti04 degradation, whereas Ti02 
woc1.d. 
4.7.2.2 Chemistry 
ln light of the questions raised in regard to the proper 
Zn/Ti ratio and their implications, we ~ ~ l i e v e  it necessary to 
establish conclusively the chemical nature of the products of 
the precipitation process, and the cl.!emiral reactioqs involved 
in their high tznperature conversion to oxides. Although a 
specific test was not made to assure that the Zr and Ti corcpounds 
produced in the coprecipitatlon process are idencic?f to those 
produced when precipitated seya ra t  e l y  , there is much indirect 
evidence. includtng SEM photomicrographs, ti; sugges; that: they 
are. 
The p r e c i p i t a t i o n  and subsequent ca l c ina t ion  processes have 
been described : n t h e  r eac t ion ( s )  ; 
I n  the  coprec ip i ta t ion  (COP) process ,  t h e  ch lor ides  of Zn 
and T i  i n  t he  mole r a ~ i o  f 2 .05 Zn/Ti a r e  added simultaneously 
t o  an aqueous o r a l i c  ac id  so lu t ion .  The r e s u l t a n t  p r e c i p i t a t e  
presumably a l s o  contains a 2.05 Zn/Ti mcle r a t i o .  I n  t ke  "MOX" 
process the  p r e c i p i t a t e s  cbta ined from ch lor ide  add i t i on  a r e  ob- 
ta ined ind iv idua l ly ;  the  r e s u l t i v g  p r e c i p i t a t e s ,  i . e .  "ZnOx" and 
"TiOX", a r e  mixed t o  obta in  a 2.05 Zn/Ti mole r a t i o ,  then b e l l -  
~ i l l e d  t o  encure adequirte ~ i x i n g .  In  both cases  t h e  r e s u l t i n g  
mixture i s  calc ined t o  o- .&-in  Zn2Ti04 pigment. 
4 .7 .2 .3  Oxalate Mo~rcdla; Weight Determinations 
4 .7 .2 .3 .1  -- Zinc Oxalate 
An obvious requirement i n  achieving a s p e c i f i c  Zn/Ti mole 
r a t i o  i s  t h a t  t h e  molecular weights of the  ZnOx and "TiOX" com- 
pounds must be known. Because of th?  l incer ta inty  i n  t he  a c t u a l  
e f f e c t  o i  stoichiometry inherent  i n  the  MOX-A i r r a d i a t i o n  t e s t  
resirlcs (IRIF Test No. 1-71),  we undertook a complete review of 
the  bases f o r  7rocess chemical ca lcu la t ions .  Purposely, we have 
avoided up t o  t h i s  point  any reference t o  the  a c t u a l  chemical 
nature  of "TIOX" ( the  s o l i d  r eac t ion  product of TiC14 with  H2C204). 
Sallples of "ZnOx" and of "TiOX" were ind iv idua l ly  subjected 
t o  SEM ard x--ray analyses ,  and were calc ined a t  var ious  tempera- 
tuzes.  From mass l o s s ,  SEM and x-ray data  ,-nd analyses of  r e -  
f l ec tance  spec t ra  of the precursors  and t h e i r  prociucts, we have 
conclusively shown t h a t  "ZnOx" i s  ZnC204.2E20. We a r e  thus very 
c - - r t a in  of ,h is  assignment. 
I * . . '  
9 
4.7.2.3.2 - "TIOX" Molecular W&z& 
The chemical forl.~ula of "TiOX", and thus its true molecular 
. . 
weight, can not be obtained as simply. It depends upon temper3- 
. ', 
- - ture-induced mass-loss data corroborated by other evidence. 
8 i Literature references are sketchy at best and not directly applic- 
able. Tables 4.27 and 4.28 present the available data on static 
+ .  
and TGA mass lose of "TiOX"; Fig. 4.138 shows residual mass 
vs time for the TGA test. The reaction at sufficiently high 
. temperature leads to the production of anatase titanium dioxide; 
s... 
thus, 
b 
"TiOX" .-p TiO, 
- 
Table 4-27 
Mass Loss Data 
Static Calcination Data 
Temp Time Weight FFlL* 
("C) 
- (Hr) Loss, % - Conversion Yield** 
*FM?' - Fractional Hess Loss (=% mass loss/maximum % mass loss), 
relates to overs.11 reaction cc~mpletici? . 
J*Yield - Mole fraccion of Ti0 formed/mole of "TiOX". 2 

Table 4-28 
TGA Data 
Temp 
I"c_)_ 
25 
75 
100 
150 
200 
25 0 
300 
350 
400 
45 0 
500 
600 
700 
FML* 
*FMR = Fract ion of o r i g i n a l  mass i-emaining; 
FML - W t .  loss/max. w t .  l o s s ;  e . g . ,  (1.0-0.785)/(1.0-0.517) = 
0.4451 
"Yield - mole f r a c t i o n  of Ti02 formed/mole of "TiOX" 
The highest  y i e l d  obtained ( i n  terms of mass l o s s )  is  46.66%. 
o r  53.34% conversion of "?LOX" t o  Ti0 The molecular weight of 2 ' 
Ti02 i s  79.90. Therefore. t he  i ~ f e r r e d  molecular weight of "TiOX" 
is 79.9010.5334 = 149.79 ( the  l a s t  decimal p iace  i s  not  s i g n i f i -  
can t ) .  TGA data  (see Table 4.23) confirm t h i s  ca l cu l a t i on .  This 
value  i s  i n  f a c t  t h e  one used i n  preparing MOX pigments. The 
only l i t e r a t u r e  ava i l ab l e  (e.g.  , Ref. 4.12) l i s t s  Ti2  (C204)3. 10H70 
- 
with a mclecular weight of 540.01. Clear ly ,  t h i s  i s  not the  
product obtained i n  t he  p r e c i p i t a t i o n  process .  
The mass l o s s  da ta  of t a b l e s  4.27 and 4.28 a r e  shcwn i n  
Fig .  4.139, where t he  log of the  ccnversion (of t he  "TiOX" pre-  
cursor  t o  TiO,) i s  p l o t t e d  vs l/'T("K). This method of present-  
L 
i.ng the  mass l o s s  data  w i l l  be examined subsequently i n  g r e a t e r  
d e t a i l .  The conversion i s  detemined as t h e  r a t i o  of t h e  pro- 
d ~ l c t  mass a t  any ?Lven temperature and t i m e  conditi.ons t o  the  
u l t ima te  (or maxinum) product mass. 
I 
, 
O 4 h r .  
0 1 hr. 
A TGA (5 
Fieure 4 . 1 3 9  "TiOX" C O N V E R S I O N  V S  RECIPROCAL T E X P E U T U R E  
a t  Temp 
a t  Temp 
"C/Min) 
In the extant case, calcination beyond 500°C produces no 
additional mass loss, and the ultimate fractional mass loss is 
0.5334 from static data and 0.517 from TGA data. The difference 
(about 1-112%) may be due to batch-to-batch variations or 
slightly different pre-treatment conditions. The extrapolation 
of the conversion data in the low temperature region in Fig. 
4.130 to 0.0 (100% completion) iiltersecl-s at a temperature of 
235°C for the static data and 2t 300°C f ~ r  the TGA data. The 
difference arises because static data represent equilibrium condi- 
tions, TGA data very likely do not, although they exhibit con- 
s is tency . 
The true minimum molecular weight of "TiOX" can be inferred 
from the static data by correcting its molecular weight by the 
weight loss below 235"C, thus, by the factor (1 - 0.0846), i.e., 
0.9154. The minimum molecular weight of the true "TiOX" is then 
(149.79) (0.9154) = 137.12 Hence, for clarification, we have 
"wet" TiOX, i. e. , TiOX.nH20, with an actual (effective) molecular 
weight of 149.79 and "dry" TiOx with a minimum molecular weight 
of 137.12. In practice only the "wet" TiOX is used, and the 
term "TiOX", unless otherwise noted will refer to TiOX-nH20. 
The molecular weight of 149.79 is ersily within an accuracy 
of + - 5%; thus it clearly rules out any possibility that "TiOX" is 
a Eouble oxalate, since Ti(C204)2 has a molecular weight of 
223.94. The radical TiC2O4U, however, has a molecular weight 
of 135.92. This suggests thht "dry" "-'iOX" slay be H7TiC2O4 
- 
and that "wet" "TiCX" is H2TiC2040.7 L20 Chemical analyses of 
"wet" "TiOX" have shown that the carbon content is in the range 
9.3 - 9.7 w/o and that its hydrogen content is approximately 
2.5 w/o. The carbon content would argue strongly against "Ti.OXU 
being an oxalate since the two oxalate carbons in "TiOX" would 
contribute in. excess of 16 wjo. 
A more likely fcrmula is Ti(OH),C03 with a molecular weight 
i ... of 141.94; with a half mole of xater of hydration, the mol wt. 
becomes 150.95 (very close to the value r,; 149.79, and within 
experimerital error). With this fom~:!i.a the theoretical values 
of carbon and hydrogen content also lie well within experimental 
error for the physical test values. The justification for this 
selection follows from the fact that the data from Fig. 4.139 
only set an upper limit to water content; the shape of the curve 
at values of higher mass loss may, and very probably do, reflect 
some oxalate decomposition rather than, as we have assumed, 
only water evolution. The opposite, however, is not true. 
Further, the re.cction of TiC14 with water is known (Ref. 4.13) 
t~ produce a stable tetravalent hydroxide. 
In an aqueous solution of oxalic acid, there would be a 
competition between the H20 and the oxalic acid for reaction with 
the TiC14. We assume that the following reaction scheme prevails 
in the precipitation process: 
Ti (OH)4 + 1/2 H 2 C 2 0 y  Ti(OH)2C03 + H20 + 112 H2 
From ollr analyses of the mass data, it is reasonable then to 
postulate that the reactions of "TiOX" when heated are 
A Ti (OH) 2C03 0. 5Hz0 ---r Ti (OH) 2C03 + 0.5 H20 
A Ti(OH)2C03---tTi02 + C02 + H20 
4.5.3 - "TiOX" Energetics 
A further analysis of the data in Tables 4.27 and 4.28 
was carried out to establish the reaction kinetics oE the "TiOX" 
calcination. The Clausius-C'apeyron equation was used to 
calculate the heat of reaction. From the reduced static and 
TGA data, which are plotted in Fig. 4.139,it is quite obvious 
that different reactions occur as a function of temperature. 
In the temperature range below 230°C the heat of activation is 
very high (11814 callmole), close to that expected from the 
descrption of water of hydration (9729 cal/mole). The abrupt 
change in slope at about 1.98x10-~ (~225OC) occurs also in the 
TGA spectrum. A close comparison between these and TGA data 
should not necessarily be expected, since these data were obtained 
under essentially static conditions (by subjecting "TiGI." to 
specific temperatures for pre-determined times) while the TGA data 
reflect an instantaneous, not necessarily an equilibrium, weight 
loss. Fig. 4.139 is based on the Arrhenius equation: 
kl K = - = S. exp (-AHA/RT) 
k2 
In logarithmic form, eq. 1 becomes 
log K = log S - AHA/RT 
These equations provide a powerful analytical tool, especially 
when the reactions ixvolved are in, or very nearly approach, 
equilibrium. Eq. 4.2 may be re-written in the form 
y = A - Bx, 
where y = log k 
A = log S (a constant) 
B = AHAIR (a constant) 
x = 1/T 
A chemical reaction whose rate exhibits a temperature de- 
pendence c6-1 be analyzed to determine AHK Note that in Fig. 
4.139, the slope of log k vs 1/T, an? thus the heat of reaction, 
changes abruptly. This signifies that the nature of the reac- 
tion is very different at temperatures above %225"C. Other 
points to note in Fig. 4.139 are the close simil~ri~y of the 1 
hr and 4 hr static data in the low tem?erature region and the 
apparent discrepancy between static and TGA data. 
The slol e of the TG!. 2ata is very close to those of the 
static data. From the . )lacement between st-iic and TGA 
curves we infer a significant time-dependence of the reactions; 
the TGA reaction at a constantly increasing temperature does 
not have sufficient time to reach completion. This is further 
evidenced by the fact that the displace~ent in the low tempera- 
ture regf.on, as expected, remains relatively constant with in- 
creasing temperature. Significantly, however, both the TGA 
and staiic data show a close correspondence above 225°C. The 
The reason, of course, i s  :hat the heat of react ion i s  consider- 
ably smaller (approximately 1575 callmole) and the time dependence, I / ' 
likewise, i s  much l e s s .  The s t a t i c  and TGA data  a r e  consis tent  
g 
L fn predict ing a heat of react ion of about 1550 callmole f o r  the ? 
conversion of "TIOX" t o  Ti02. This would tend t o  indica te  t h a t  
the oxalate  precursors do not r eac t  d i f f e ren t ly  as a function of I 
temperature - a t  l e a s t  not i n  terms of the reac t ion  energy. 
4.7.4 Conclusions 
Our analyses show ra the r  conclusively t h a t  the zinc precursor @ 
i s  Zn C 0 .2H20. Less ce r t a in ,  however, i s  the formula f o r  "TiOX", 2 2 4  1 
the t i tanium precursor. Mass loss  data  indica te  tha t  i t s  molecular 
weight is  approximately 149.8 (137.1 i n  the "dry" s t a t e ) .  The I 
formula infer red  from these and other data  i s  ' T i  (OH)2C03: 5H20. 
It i s  ce r t a in  t h a t  "TiOX" i s  not a s  oxalate .  A Clausius-Clapeyron I 
analysis  shows two d i s t i n c t  regimes; a low temperature region 
(100-250°C) i n  which thermal desorption cf water occurs, and a 
high temperature region i n  which "TiOX" ccnverts t o  Ti02 with a 
I 
b 
heat of react ion of about 1575 cai/mc,e. I 
4.7.5 Ref lec'zance Spectra Analyses 
4.7.5.1 Materials Descriptions 
?Che Reflectance Spectra of Pigments Prepared 
a t  Various Zn/'ii Ratios 
The e f f e c t s  of stoichiometry on tf;r op t i ca l  propert ies  of 
Zn Ti0 pigments were de te rmi~ed  from ref lectance measurements 2 4 
made on four s e r i e s  of samples, designated "stoichiometry ser ies" .  
The f i r s t  of t h i s  s e r i e s  \,as prepared from oxalate precursors 
and covered the range of ZnITi r a t i o s  from 0 .5 : l .O  to 2.5: l .O.  
The second and th i rd  s e r i e s  were a l s o  of MOX or ig in  and covered 
a range of Zn/Ti r a t i o s  from 1.90: l .O t o  2.05:l .O; they were 
prepared as 6-9 and 6-12 pigments, respect ively.  The fourth 
s e r i e s  was prepared from New Jersey Zinc Co's SP-500 ZnO and 
DuPont FF anatase Ti02 under 6 / 2  - 9 / 1 4  thermal conditions. 
P "  The spectra for each series are presented in Pigs. 4.140-1411; E- -- 
E these reflectance data will be used subsequently to analyze the 
4 1, r trends. 
In every case the last three series include pigments with 
Zn/Ti ratios of 1.90, 1.95, 2.30 and i.05. The fourth series, 
the SS pigments, include pigments prepared at a Zn/Ti .:atio of 
1.82. The pigment designated 1.82K was prepared as zoted above 
except that New Jersey Zinc Co.'s Kadox 25 ZnO was used in 
place of SP-500 ZnO. Its refiectance spectrum reveals its high 
impurity level. For comparison with the remainder of the SS 
stoichiomctry series, the 1.82K pigment should not be considered. 
It is interesting to note, however, that the difference in the 
"knee" reflectance of the 1.82 and 1.82K pigments is of the 
same magnitude as that in the MOX pigments with Zn/Ti ratios of 
2.00 snd less. 
These pigment powders were deposited on IRIF sample coupons 
from water slurries. After the samples were dried. their diffuse 
reflectance spectra were measured in the spectral region from 
325nm to 2600nm. The spectra in the region from 500 to 2600nm 
are not particularly significant, and thus have been omitted. 
4.7.5.2 Optical Analyses: -- - Zn/Ti Ratios 0.5:l - 2.5:l.O 
The diffuse reflectance sptTtra (325 to 500nm) for the 
900°C and 1200°C samples of MOX-C thcqugh MOX-G are exhibited 
in Figures 4.140 and 4.151. Also included, for comparison, are 
the curves for LH-106(6-12) which, judging from the band edge, 
evidently possesses exact Zn2Ti0 stoichiometry. 4 
These spectra reveal some important similarities. In 
both the 900°C and 1200°C cases, the band edge shifts with in- 
creasing ZnITi ratio toward shorter wavelengths untiL 3 pigment 
with a Zn excess is produced (MOX-G). The shapes of the band 
edges provide deeper insight. The MOX-G samples (2.5 : 1.0) 
show a "knee" which is nucli more flat than that exhibited by 
?!OX-E " 1 . 5 / 1 . 0  
MOX- F " 2.0/1. .0 
MOX-G " 2 . i / 1 . 0  
F i g .  4 . 1 4 0  REFLECTANCE SPECTRA OF 9 0 0 ~ ~  
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)!OLE RATIOS 
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MOX-ah-12)  0 . 5 1 1 . 0  
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MOX-G " 2 . 5 / I . O  
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1. I 
other samples; this is the UV signature of free ZnO. It reveals 
itself in this way because of its sharp fundamental absorption 
spectrum and its very intense absorption below 375nm (see Fig. 
4.139). By contrast the spectrum of fundamental electronic ab- 
sorption in both rutile and anatase Ti02 is more gentle; the ab- 
sorption constant is approximately an order of magnitude less 
than that of ZnO (below 375nm). The curvature (the shape) of 
the knee fox the Zn-deficient samples obviously is much greater 
than that in the Zn-rich pigments. The spectra also show that 
the fundamental band gap of Zn2T104 lies at 3.60 eV (340nm). 
As shown in Fable 4.29 the visible and infra-red reflectance 
values of tlie 9G0°C pigments, except in the case of the E-Series 
pigments, are higher than those of the 1200°C pigaents; the ex- 
tinction coefficients, however, show conclusively that the 900°C 
pigments hete higher reflectance values than 1200°C pigments. 
It should be noted that the effect of different coating weights 
is accounted for in calculating the extinction coefficients. 
The K350 values (Table 4.29) exhibit a definite minimum 
in the 1.5:l.O - 2.0:l.O range of the Zn/Ti ratio for both the 
900°C and 1200°C pigments. This series clearly establishes 
the fact that pigments whose Zn/Ti ratio is in this range possess 
the best reflectance values. 
Comparing the spectra of +he various MOX pigments with one 
another indicates their relative reflectance properties, but com- 
paring each of them directly with the spectral reflectance curves 
for rutile eitania, (r-Ti02), anatase titania (a-Ti02) and zinc 
oxide (ZnO) provides us with considerable insight. In the 
spectra of MOX-C(9) the fundamental band edge absorption matches 
that of r-TiO, very closely both in slope and cutoff wavelength; 
that of MOX-~'il2) has the same slope as r-Ti02 but occurs at a 
longer wavelength. This suggests that the impurity absorption 
may be due tc n meratitanate or other Zn-Ti-0 complex. Both 
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MOX-D(9) a d  M[OX-D(1Z) have absorption bands which closely match 
tha t  of r-TiOZ. MOX-E(9) and MOX-E(12) spectra contain no evidence 
of r-Ti02 but do indicate the presence of ZnO; i n  the MOX-E(12) 
pigment, however, the amount of ZnO i s  very small. MOX-F(9) and 
MOIL-F(12) pigments a l so  contain a s l i gh t  amcurit of ZnO. The 
certainty in identifying the  impurity improves when, as  i n  the  
case of the MOX-G pigments, the "knee" has the c lass ic  ZnO shape: 
the band slope matches that  of ZnO, and the spectral  locations 
of the slope changes a re  character is t ic  of ZnO. In  some cases 
E i s  close t o  that  of ZnO (3.297 eV). Both the  spect ra l  and g 
K350 values fo r  the MOX-G pigments indicate that  the 1200°C pig- 
ment, MOX-G(12), contains less ZnO than the 900°C pigment, MOX-G(9). 
The stme observation may also be made i n  the E and F se r ies .  
This experiment strongly suggests the, need t o  maintain the 
Zn/Ti r a t i o  a t  o r  s l igh t ly  below 2.0:l.O to  achieve maxirmun re- 
flectance. It also suggests t ha t ,  on the  basis  of i n i t i a l  re-  
flectance, the 900°C pigments a re  best.  Moat importantly, it 
demonstrates t ha t  ZnO 13 formed i n  preference t o  TiOZ and there- 
fore tha t  close stoichiometry control i s  necessary i n  the pre- 
paration of Zn2Ti04 pigments from oxalate precursors. 
The reflectance spectra confirm and extend the r e su l t s  of 
X-ray analyses regarding formation of Ti02. It is  clear  tha t  
Ti02 i s  not formed when Zn/Ti ra t ios  a re  1.5:l.O or greater ,  
even though Zn2Ti04 i s  formed and the titanium excess should 
theoret ical ly be observable as T i 0 2  A t  the temperatures in- 
volved here, only the  r u t i l e  form of Ti02 would be expected. 
The Ti02 i n  many of the MOX materials i s -def in i te ly  of the r u t i l e  
form whicn is found i n  such materials when prepared a t  temperatures 
exceeding 700 "C . 
The most s ignif icant  finding i n  these f i r s t  two series, 
therefore, is tha t ,  both opt ica l ly  and v ia  X-ray analyses, no 
-
T i 0 2  i s  evident in  pigments with Zn/Ti r a t i o s  of 1.5:l.O or  
greater.  The MOX-A pigments (with a Z>/Ti r a t i o  of 1.149:1.0), 
equivalent to the MOX-E pigments of this test, exhibited excellent 
optical properties (but poor stability) - just as the MOX-E pig- 
ments exhibit good properties. 
4.7.5.3 Optical Analyses - ZnlTi Ratios 1.8:l.O - 2.05:l.O 
In Figures 4.142-144 are presented the spectra for pigments 
with ZnlTi ratios ranging from 1.82:l.O to 2.05:l. 0. The trend 
in each case is clear and consistent. As the Zn/Ti ratio in- 
creases, the tendency to form ZnO increases also. 
Other significant observations are that the spectra of 
materials with Zn/Ti ratios of 1.90 and 1.95 do not differ sub- 
stantially. In Table 4.30 we have listed some of the reflectance 
properties and extinction coefficients derived from them (accord- 
ing to the procedures explained subsequently). Note that the 
6-9 materials have very much lower K350 values at Zn/Ti ratios 
of 1.90 and 1.95 than do the 6-12 materials. Comparing the 
spectra of 6-9 materials directly with those of the 6-12 
materials discloses a substantial difference between their effec- 
tive band gap energies (i. e. E ) ; 6-9 materials have a larger g 
band gap and the nature of their spectra suggests that higher 
temperatures lead to different compounds (possibly sesqui- 
titanates) whose absorption in the 325-35011111 region is notice- 
ably higher than that for zinc orthititanate. 
The design of this experiment anticipated one of the effects 
evident in the trend of effective E with Zn/Ti ratio. The 
g 
spectra show characteristic ZnO absorption at a Zn/Ti ratio of 
2.0, and especially at 2.05, in all the pigments. In preparing 
the MOX materials the ZnOx material is assumed to be ZnC204.2H20 
with a molecular weight of 189.432. The molecular weight of 
"TiOX" is taken to be 150.00, based on graviinetric studies of 
the thermal conversion of "TiOX" to Ti02 The spectra reveal 
very definite evidence of ZnO at Zn/Ti ratios of 2.0 and 2.05. 
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While we would expect this at 2.05, the finding of a significant 
amount of ZnO at 2.0 implies that the effective ZnlTi ratio is 
greater than 2.0, and that, if indeed the ZnOx mol. weight is 
189.432, the molecular weight of "TiOx" must therefore be greater 
than 150. This, of course, is consistent with our earlier find- 
ing that "TiOX1' is Ti(OH)2C03.0. 5H20 (whose mol. wt. is 150.934). 
This conclusion assumes also, however, that the titanium com- 
ponents were not preferentially retained in mixing equipment or 
otherwise selectively removed from the zinc-titanium mixture 
in the process of preparing the various samples. A subsequent 
argument will show that this assumption is substdntiated by 
experimental data. 
6 -1 The intense absorption of ZnO below 360nm (>lo cm ) would 
suggest that very small amounts (of the order or several tens 
of ppm) would be necessary to cause a significant reduction in 
the reflectance in the 325 - 360nm region. In other words the 
reflectance in this region is highly sensitive to the concentra- 
tion of ZnO. 
Another comparison which may be made is that between the 
2.05 MOX (6-12)Alc sample and the others. This sanple pigment 
was prepared from oxalate precursors which had been precipitated 
in alcohol solutions (as opposed to aqueous solutions,which are 
normally used). The spectra are shown in Figure 4.142 and the 
appropriate data have been listed in Table 4.30. Note that 
the spectra and properties of the alcohol sample differ markedly 
from those of the aqueous shmples. The nature and shape of the 
spectra are indicative of a large particle size, larger than 
those of the aqueous materials. The shape of the ,reflectance 
spectrum below 400nm is also very interesting. The sharper 
absorption in the 376nm region suggests that the material has 
much more ZnO in it than an equivalent material prepared by 
aqueous precipitation. 
Of the many data  examined i n  the  stoichiometry series in -  
vest igat ions,  those shown i n  Fig. 4.145 a r e  t h e  most important. 
In  t h a t  f igure  a r e  p lo t ted  the  K350 values of t h e  stoichiometry 
n s e r i e s  pigments i n  the  ZnITi r a t i o  range of 1.90:l.O to  2.05:l.O. 
'350 i s  defined as 
. . 
i i where 70 = an optimum ref lectance value a t  A = 350m 1_! 
R350 = ref lectance value a t  A = 350nm 
tf = f i lm thickness,  cm [ i - .  The importance of Figure 4.145 resides  i n  severa l  c r i t i c a l  
cha rac te r i s t i c s  of the data.  F i r s t ,  a l l  the curves display minima a .  t 
at  Zn/Ti r a t i o s  l e s s  than 2.0:l.O. Second, a l l  curves show a 1 ': 
I - .  
very s t rong dependence of K3S0 on ZnO content,  i - e .  on Zn/Ti r a t i o s  .f 1 i 
above the minima,and a r a the r  weak dependence below them. Third, 4 9 
the K350 minima f o r  MOX pigments occurs a t  ZnlTi = 1.95, while 1 :a; 
t ha t  f o r  SS pigments, a t  Zn/Ti = 1.90:l.O. Fourth, the  slopes 1 'i 
a t  Zn/Ti r a t i o s  above these minima a r e  almost iden t i ca l .  1 :d 
- r 
The conclusions from these obbenat ions  a r e  t h a t  the  most d ', 
, ,  
r e f l ec t ive  pigment i s  not  m e  with exact ZnqTi04 stoichiometry; 
both SS and MOX data  agree on t h i s  point .  I f  we accept t h a t  the  
molecular weights of SS pigment precursors a r e  not subject  t o  
challenge, then these data strongly suggest t h a t  the  molecular 
weight of "TiOX" must be 153.95 ra the r  than the  estimated 150, 
i .e . ,  higher by the r a t i o  of 1.9511.9C the  r a t i o  of the  minima 
of K350 values of MOX vs SS pigments. Quite obviously, they 
a l so  imply tha t  a ZnITi r a t i o  above 1.90 has a much more ser ious  
e f f e c t  than one l e s s  than 1.90. The implicatims of Fig. 4.145 i 
a re  very important but we must point out ,  even emphasize, tha t  
these data per ta in  t o  unirradiated pigments and thus should be 
regarded as t en ta t ive ,  pa r t i cu la r ly  with respect t o  t h e i r  
s t a b i l i t y  i n  paint  systems. UV i r r a d i a t i o n  t e s t  data  a re  
summarized i n  Table 4.31 and graphically presented i n  Fig. 4.146 
a s  a function of Zn/Ti r a t i o .  The trends i n  the  6-9 pigments . , 
. , 
I. 8 
Zn/Ti  RATIO 
Fig. 4.145 RELATIVE A6SoqPTION COEFFICIENT AT 
A s  35Gnrn VS Z n / T  RATIO IN Zn2TI04 
PIGMENTS 
Fig. 4146 U V SPECTRAL STABILITY VS Zn /Ti RATIO 
indicate that damage tends to be greatefft at a Zn/Ti ratio be- 
tween 1.95 and 2.0. The behavior of the 6-12 pigment with a 
Zn/Ti ratio of 2.0 may be anomalous, because the trends, other- 
wise, are quite consistent. 
4.7.6 Summary 
The stoichiometry series pigments have led to several very 
significant observations: Ti02 is not formed even at Zn/Ti 
retios as low as 1.5:l.O the most "pure" Zn2Ti04" has a Zn/Ti 
ratio in the range of approximately 1.90:l.O - 1.95:l.O; and 
W stability of the pigment does depend upon pigment stoichiometry. 
The slopes of the steep portions of the curves in Fig. 4.145 are 
as expected for small concentrations of a strong absorber (viz., 
ZnC). The fact that they all have nearly the same slope is 
further evidence, and suggests hat the amount of ZnO formed is 
independent of the calcination temperature. 
The assumption that Zn2Ti04 is a pure conipound has pervaded 
this entire program. We speak of Zn-rich Zn2Ti04 and of Ti-rich 
Zn2Ti04. The reaction, 
is said to be exactly stoichiometric when n/m = 2.00. When n/m 
>2.00, the resultant Zn2Ti04 is Zn-rich. However, when nlm ~2.00, 
it is not possible to claim that the resultant Zn2Ti04 is Ti-rich. 
This is probably because of competing reactions of the precursors 
to form ZnTio3 (metatitanate), Zn2Ti3O8 (sesquititanate), Zn2Ti04 
(orthotitanate), and perhaps other Zn-Ti-0 complexes. Fina'ly, 
it is significant that the impurity in pigments with Zn/Ti ratio 
>2 is ZnO, while the impurities in those with ZnjTi ratios of 
less than 2.0 arc obviously neither ZnO, nor Ti02. 
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BINDER DEVELOPMENT 
--- 
5 . 1  f NTRODUCTION 
The f a c t  tha t  binders a l so  must be s t a b l e  when exposed t o  
u l t r a v i o l e t  radiat ion can perhaps bes t  be understoorl i n  terms of 
the i r  transmission spectra r e l a t i v e  t o  those cf the pigments used 
with them. The pigment and binder compete f o r  the  absorption of 
tlltravl:.olet photons. Since inorganic pigments, from a pragmatic 
point of view, a re  f a r  more s t a b l e  than organic o r  semi-orsanic 
binders, the pa in ts  made frqm pigments with fundamental a b s o q -  
t ion edges occurring a t  wavelengths longer than those of the 
binders i n  which they a r e  dispersed w i l l  i n  general be more s t a b l e ;  
semi-cond~*ctor pigments (e.g. ZnO) absorb so  strongly %n the u l t r a -  
v io le t  tha t  they afford very good protect ion t o  the  binder.  To 
achieve very low solar  absorptance coatings,  however, the funda- 
mental absorption edge must be a t  shor ter  wavelengths than those 
of the more common semiconductor pigments. This,  of course 
11 exposes" the binder t o  more u l t r a v i o l e t  rad ia t ion  and therefore ,  
potent ia l ly  t o  subs tant ia l ly  increased binder damage. 
5.2 O'VJENS- ILLINOIS 650 "GLASS REb '.Nn IMPROVEMENT STUDY 
-- - -- 
Owens I l l i n o i s  650 "G:.=ss Resin", even unprotected, has 
displayed very good u l t r a v i o l e t  s t a b i l i t y  an3 ,  accordingly, i s  
considered with great  i n t e r e s t .  The pr inc ipa l  reason f o r  i t s  
not being used i n  i t s  commercially avai lable  form is tha t  it 
has poor physical propert ies .  Because of i t s  double-chain s t ruc -  
ture  and i t s  high residual  funct ional i ty ,  coatings made of t h i s  
res in  become very b r i t t l e  and craze on aging. This e f f e c t  i s  
ca l led  "coasting" and r e f l e c t s  an ongoing curtng process. 01-650 
ziass rebin i s  produced by polynlerization of a t r i f u n c t i o ~ a l  
monomer; the completely cured material  thus lacks molecular 
f l e x i b i l i t y .  
We have studied the possibility of improving the properties 
of 01-650 by end group blocking, and by copolymerization of the 
B-staged resin with a linear polydimethylsiloxane before curing. 
5.2.1 Internal Plasticizing of 01-650 Gkss Resin by 
W%rizat ion 
This approach is based on the concept that introduction of 
linear polydirnethylsiloxane segments in the 01-650 structure should 
increase the flexibility of the resin. The procedure employed in- 
volves (a) preparation of polydimethylsiloxane by polymerization 
of dimethyldichlorosilane; (b) copolymerization with 01-650. 
Dimethyldichlorosilane was added to a mixture of methylene 
chloride and water under stirring. The resin obtained dissolves 
in the organic phase. The organic layer was separated and 
thoroughly washed with water until neutral to eliminate all traces 
of HC1. This solution was added to a solution of the 01 resin 
in absolute ethanol at the ratio desired, and a clear mixture is 
obtained. On curing, the hydroxyl-terminated polydimethylsiloxane 
acts as an internal plasticize*. 
Variable amounts of polydimethylsiloxane have been used 
(1% to 10% by wt.). Unpigmented coatings of various thicknesses 
were cast on aluminum plates, and cured at room temperature, at 
80°C, and at 170°C. The flexibility of the coatings is notice- 
ably improved by the presence of polydirnethylsiloxane at con- 
centrations between 1 and 5% by wt. 
A composition of 01-650 was prepared containing 4.8% (by 
weight) polydimethylsiloxane. Paints were formulated from standard 
01-650 and from the "modified" 01-653, using zinc orthotitanate 
as the pigment. 
Tests of 41% PVC films indicate a lowered adhesion of 
both standard and modified films. The "modified" film, however, 
when baked at 200°F overnight displays a better gloss (implying 
less binder demand) than the standard film; and it forms a much 
tougher film than that of the standard paint. Films baked at 
350°F are not improved, and in fact become somewhat brittle. 
Since the product of hydrolysis of dimethyldichlorosilane has 
a broad molecular weight distribution which includes cyclic oligo- 
mers, (that is, low mole~ular weight components that may cause 
outgassing problems), it was thought that an impr.3ved composition 
could be obtained by further polymerizing the product of hydrolysis 
of dimethyldichlorosilane to a higher molecular weight, fully 
linear polymethylsiloxane. This product could then be used for 
the modification of the 01-650 resin. The following procedure 
was employed for the synthesis of an hyaroxyl-terminated, linear 
polydimethylsiloxane: 
Dimethyldichlorosilane (100cc) was added slowly from a 
dropping funnel to vigorously stirred water (300cc) maintained 
at 20-25°C with an ice bath. When the addition was completed, 
the organic layer was taken up in ethyl ether (75cc) separated 
from the water phase and dried over magnesium stilfate. The 
ether solution was filtered and the ether removed by evaporation. 
The product obtained (33g) was placed in a bottle with con- 
centrated sulfuric acid (6.1~~) and ethyl ether (16cc). The 
mixture was stirred at room temperature for one day and became 
very viscous. Then 33cc of ether and 16cc of water were added 
and the mixture was shaken for another hour. The aqueous layer 
was drawn off and the solution washed three times with water 
and then dried over anhydrous potassium carbonate. The ether 
was distilled by using a water pump. The clear viscous oil ob- 
tained is a hydroxyl-terminated, linear polydimethylsiloxane, 
soluble in various hydrocarbon and other solvents. 
This material was added in various ratios to the 01-650 
resin in solution. It was found that tetrahydrofuran (THF) 
can be used as a common solvent for the two resins. However, 
poor compatibility (that is, mutual solubility of the linear 
siloxane and 01-650), was observed. On evaporation of the 
solvent. phase separation occurs, resulting in the formation of 
droplets of polydimethylsiloxane in the 01-650 matrix. 
5 . 2 . 2  Modification of 01-650 Resin by Partial End-Blocking 
With --- Trimethylchlorosi1ane 
This approach is based on the consideration that the high 
functionality of 01-650 resin is responsible for the highly cross- 
linked nature and rigidity of the cured polymer. By partial end- 
blocking of reactive functional (i.e. silanol) groups, the ex- 
tent of cross-linking of the resin could be reduced and flexibility 
could be improved. 
Blocking of the silanol groups of the resin was accomplished 
by reacting it with trimethylchlorosilane: 
This reaction was studied under various conditions. If the resin 
is reacted with an excess of trimethylchlorosilane in the absence 
of a solvent, a vigorous reaction occurs and hydrochloric acid is 
evolved, but the reaction occurs predominantly on the surface pq 
the resin. Better results are obtained in the presence of a sol- 
vent. It was found that the best solvents for this reaction are 
weakly basic amides such as dimethyl formamide (DMF). In non- 
basic solvents, such as acetone, little or no reaction occurs and 
hydroxyl groups are still present at high concentration after 
reaction. In basic solvents, such as pyridine, a highly exothermic 
reaction occurs with formation of a complex pyridine-trimethyl- 
chlorosilane. In weakly basic amides, such as EMF, a moderately 
exothermic reaction occurs and blocking of hydroxyl groups can 
be obtained. In preliminary experiments, an excess bf trimethyl- 
chlorosilane vas used and complete blocking of hydraxyl groups 
was obtained, as indicated by infrared analyzis of the resin after 
reaction. In subsequent work, a calc~lated amo~nt of trimethyi- 
chlorosilane was utilized in order to obtain a resin having the 
desired level of residual hydroxyl groups. 
-. 
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5.3 ENGINEERING EVALUATIONS 
TL'WO samples of the 01-650 r e s i n  modified by p a r t i a l  end- 
blocking with tr imethylchlorosilane,  designated 01-650G, were 
subnd'ited t o  the  pa in t  laboratory f o r  preliminary evaluat ions,  
each sample being approximately 23 grams. 
Extensive s o l u b i l i t y  t e s t s  were conducted, the r e s u l t s  of 
which a re  summarized i n  Table 5 1. The procedure involves the 
following s teps :  the r e s in  was dispersed i n  the t e s t  solvent 
and i t s  solut ion propert ies  noted; and the fi lms cas t  from these 
s o l u i o n s  w e r e  then checked f o r  appearance and physical  propert ies .  
The ymbols i n  Table 5 .1  a re  i d e n t i f i e d  i n  the key. In  general 
the :rydrocarbons a re  the best  solvents f o r  01-650G. 
Two d i f fe ren t  thinner formulae were used and evaluated 
f o r  r~aking a 50% solut ion of the r e s i n .  
"Mix a" 
.- 
Benzene 75% by volume 
Isopropyl Acetate 15% 
Isopropyl Alcohol 10% 
"Mix Bt'- 
- 
Toluene 75% by volume 
Butyl Acetate 15% 
Eutanol 109, 
Pours of r-c.1 solut ion were made over t i n  s t r i p s ,  one of which was 
a i r - c u r - d  overnight, the o ther  cured a t  21Z°F overnight. The a i r  
cured pours a re  much more tacky than the  baked ones, and the  "nix a" 
po- r s  a re  tackier  than the "nix B" pours. This l a t t e r  f inding shows 
Lnat tke use of a slower ( l e s s  v o l a t i l e )  solvent kept the coating 
open longer Eor a b e t t e r  f i n a l  dry. 
Table 5 . 1  
LIST OF SOLVENTS 
Hydrocarbons Solut ion - Film 
Petroleum e t h e r  f* +.k 
Benzene + + 
Toluene + + 
X j  lene + + 
Ethyl  benzene + li: 
A lcoho 1s 
Methyl a lcohol  P i 
190p Ethyl  Alcohol : i 200p Ethyl  Alcohol A 
150p Isopropyl Alcohol f 4- 
Butyl  Alcohol + + 
Methyl. I sobutv l  Carbinol  + + 
. i i 
E s t e r s  : , !  
2 ,  Ethyl  Acetate 4 f .. : + 180p Isopropyl Aceta te  + ; - 
n-Butyl Acetate + + < I  
Methyl Amy1 Acetate + + ' , . r  , . - ,  + + Cellosolve Acetate . - ; (poor so lven t  re lease) . , ,  : ! 
i i !  
Ketones - , :  
8 " 
Acetone f f 
Methyl-ethyl Ketone f f 
Methyl I sobuty l  Ketone 4- + 
Diacetone P P 
Cyc lohexanone P P 
Cellosolves 
Methyl Cellosolve P P 
Ethyl  Cellosolve P P 
Butyl  Cellosolve P P 
Ni t ro  Compounds 
*Key: + = soluble  c l e a r  
f so lub le  hazy 
i inso lub le  
p = p r e c i p i t a t e  forms 
I I T  R E S E A R C H  I N S T I T U T E  
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Using "mix B", two grinds were made of zinc orthotitanate 
pigment (lithium silico fluoride treated and flash re-calcined), 
one at 269, Pigment Volume Concentration (PVC) and the other at 
35% PVC. Both grinds were sprayed on clean aluminum and the 
panels baked overnight at 212°F. The 26% PVC coating, while not 
tacky to the touch, exhibits some evidence of dirt collection 
under pressure, particularly when making conical mandrel and 
10-inch pound reverse impact tests. The 35% PVC coating gave 
better results. Both panels passed the conical mandrel and 10 in- 
pound reverse impact tests. 
Baking for 16 hr at 212°F is required to provide a coating 
not readily soluble in the original solvent. Paints, pigmented 
at 35% PVC with S-13G pigment (potassium silicate treated SP500 
ZnO), possess excellent shelf-life. (Note that unmodified 01-650 
resin cannot usefully be pigmented with silicated zinc oxide: 
the mixture gels almost instantly). A series of paint films em- 
ploying S-13G and zinc orthotitanate pigments were pre~ared in 
order to establish the cure conditions. One series (designated 
A-429M) is S-13G pigment in 01-650G; second, in zinc orthotitanate 
in 01-650, and Zn22i04 in 01-650G. Out of each series, one film 
was air dried, one was cured at 250°F/16 hr, and a third cured 
at 35OaF/16hr- All of the unmodified films showed evidence of 
cracking, while the 01-650G films did not. The ucdi f i cd  f t l n s  
definitely require a heat cure. Although, 250°F produces a 
satisfactory cure, the 350°F treatment, at least from the stand- 
point of outgassing, is preferable as will be shown below. All 
of the films which were heat cured displayed excellent adhesion 
and film toughness. Their general appearance was also very good. 
A study of the outgassing of modified 01-650 has been per- 
f~rmed by using isothermal TGA in conjunction with a diffusion 
pump mm Hg). This apparatus allows continuous recording 
of the weight of the sample. For the purpose of determining the 
effect of curing temperature on outgassing, two paint samples of 
A-429M have been tested, one cured at 325OF, the other at 400°F. 
A-429M designates the system: ZnO:K2Si03/01-650G. The samples 
were maintained under vacuum at ambient temperature, then heated 
at 125°C for 25 hr. As expected, the total weight loss due to i I %  
outgassing decreases with increasing curing temperature. The 
weight loss from a sample cured at 375°F was 1.05% at room 
temperature (in vacuo) and 1.25% after subsequently heating it 
. . 
under vacuum at 125OC (total loss, 2.33%). The weight loss of 
the sample cured at 400°F averaged 0.59% at room temperature (in 
vacuo) and 0.39% after heating in vacuum at 235°C (total loss, "T j 
0.98%). Outgassing tests on three different batches of 01-650G *i '1 
have also been performed by J.P.L. The following results indicate - F i t !  
increasingly poor outgassing characteristics: 
Batch No. 
-- 
TWL VCM 
--- 
The outgassing acceptance criteria (ref 
VCM <0.1%. 
1) are: TWL (1%; 
5.4 FUTURE BINDER STUDIES 
- 
The two current problem areas with 01-650G are its poor 
" 1 
outgassing characteristics and the need for a relatively high * ,I 
curing temperature(350°F). Outgassing may be caused by the pre- - 1 
ser.ce of low molecular weight components formed by excessive end- - 
blocking of resin. It is recommended that in future work the * 
extent of end-blocking be reduced and that the effect of the de- 
gree of end-blocking on the outgassing characteristics of the 
resin be investigated. A lower degree of end-blocking is also 
I. 
expected to increase the reactivity of the modified resin and to 
allow the use of a curing temperature lower than the one currently I 
employed. It is also conceivable that a room temperature curing 
O f - 6 5 O C  could be obtained by using catalytic amounts of a tertiary 
mine. 11 order to maximize UV radiation stability, an ultra- 
violet transparent catalyst should be selected. The use of tetra- 
methyl-methansdiamine is recommended. This compound is expected 
to be superior to tetramethylguanidine (commonly used for curing 
RTV silicones) because of the absence of UV-absorbing double bonds: 
N-C-N 
Nii 
Tetramethylmethanediamine Tetramethylguanidine 
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6 . 0  ELECTRON PARAMAGNETIC RESONANCE - ZMlESTIGATIONS 
The primary and ultimate test of any pigment is its environ- 
mental stability. As we have seen, a considerable amount of in- 
formation can be gleaned from the reflectance spectra of experi- 
mental materials which have been exposed to simulated sp&;e en- 
vironment tests. In addition to these and to the other usual 
analyses accompanying the development of space-stable pigncnte, 
e.g. SEM and x-ray, we initiated several intensive investigations 
to elicit additional infcrmation affecting the development and 
characterization of Zn2TiG4 pigment. They have supported various 
aspects of the pigment development efforts at various stages. 
One of the first supporting investigations was the effort to 
characterize the electron paramagnztic - resonance (EPR) properties 
of experimental Zn2TiC4 pigments, before and after UV irradiation. 
These investigations have produced several conclusions important 
to the successful development of stable Zn2Ti04 pigments. 
6.1 BACKGROUND -
The intent of the EPR studies is, basically, to provide an 
analytical 2001 for characterization of defects in Zn2Ti04 pigments 
It would be useful to detect and discriminate between those "de- 
fects" which are intrinsic, created in the manufacturing process, 
or are induced by simulated space environmental influences. These 
studies were initiated esrly in the program and carried out over 
an 18 month period. The Zn2Ti04 pigment referred to in these 
studies was produced by the solid state method; the reference pig- 
ment for these studies was B-229 (defined in ref. 6.1). EPR 
studies included not only Zn2Ti04 pigments hut their precursors. 
Of special interest in the latter studies were the EPR spectra of 
individual precursors before and after thermal treatments identical 
to those used in converting their mixtures to Zn2Ti04 pigments. 
The EPR research efforts primarily utilized an high-vacuum 
in situ irradiation facility mated to the EPR spectrometer. They 
confirm in part siome of the results of earlier work, in which the 
I 
conclusions were considered tentative due to poorer vacuum condi- 
tions (Refs. 6-1-31. 
I 
In particular, the purposes of these investigations have been: I 
the rationalization of the differences in optical 
damage in difforently treated zinc orthotitanate 
pigments both in terms of intrinsic defect structure 
and in terms of the presence of precursor-type 
I 
oxides ; I 
the elucidation of the various EPR-active species 
in Zn Ti04 and of the importance of metastable 
speci4s ; 
the identification and characterization of the 
species responsible 2or the optical damage at %O.9 
microns (S-band) ; 
the clarification of the relationship of residual 
paramagnetic centers in ZnO to damage at ~363nm 
and in the infrared; and, most importantly, 
the correlation of centers detected by EPR spectro- 
scopy with those which are optically important. 
A comprehensive summary of previous EPR work is provided in 
Reference 5.1. and should be consulted for completeness. 
6.1.1 - Experimental.-Equipment - and Procedures 
A Varian Model 4500 EPR Spectrometer System with a model 
V-4012-3B 12" electro magnet and model V2100B regulated power 
supply was used. An NMR magnetrometer was used for precise calibra- 1 '. 
tion of the magnetic field strength while the Klystron frequency 
was monitored by a Hewlett-Packard Model 5255A frequency ccmerter. The 
spectrometer, equipped with high vacuum irradiation and gas ad- 
sorbate equipment, appears in Figure 6.1. The in-situ equipment 
consists of a mounting structure (on the right in the photograph), 
a 20 liter/sec. ion pump (middle right), and valving and vacuum 
connections (middle left). The EPK tube (lower left) is mated to 
this equipment through an "O-ring" connection. The mounting 
structure, -d~ich is suspended frqm the ce: ing, is movable vert- 
ically so that the EPR tube may be raised and lowered into the 
Varian EPR spectrometer cavity between tti~ ?ole pieces of the mag- 
net. The latter lies below the table and is not visible in the 
photograph. 
The samples are placed in suprasil EPR tubcs and subjected 
to unfiltered radiation from an Osram 500 watt, point source 
Mercury Arc lamp collimated with a four-inch diameter fused silica 
lens (focal-length four inches). The lens is placed at approxi- 
mately twice the focal length from the lamp providing a one-to- 
one magnification of the point-source arc whose :mage is contained 
entirely within the sample area. Overnight irradiation with 
this collimated source provides the equivalent of 500 ESH of AH-6 
radiation. Irradiations were carried out at 77OK (LN2) and at 
ambient temperatures both inside and outside the dewar and cavity. 
Several irradiations of samples at room temperature were conducted 
using AH-6 radiation. 
In all cases the samples were under high-vacuum in Varian 
suprasil EPR tubes with approximate 3mm ID. EPR measurements 
were carried out at liquid nitrogen temperatures, with the excep- 
tion of an experimznt in which metastable species were investi- 
gated. 
In some experiments, the admission of air or O2 to the 
samples in EPR tubes upon completion of post-irradiation EPR 
measurements was accamplished, in all cases with the samples at 
room temperature. This usually necessitated removing the sample 
from an LN2 dewar , admitting the gas, re-pumping and then re- 
cooling to 77°K for EPR measurements. (The bleaching experiments 
pexformed were preiiminary and served more of a diagnostic pur- 
pose than a detailcd dynamic gas adsorbate EPR inveotigation), 
The way in which some of: the bleaching experiments were performed 
thus necessitated an investigation of temperature effects and 
the role of metastable species to distinguish those effects from 
true adsorbate phenomena. 
Figure 6.1 EPR FACILITY WITH IN-SITU SAMPLE W A D L I N G  CAPABILITY 
6.1.2 Experimental Re~ulte 
6.1.2.1 
Untreated SP-500 ZnO givee a weak EPR signal as shown in 
n Figure 6.2a. After 30 minutes of in situ irradiation at 77OK at a vacuum of lom7, the intensity ie greatly increased as is 
shown in Figure 6,2b. Figure 6.3a shows t1.z intensity of the 
[ a  
g - 1.9565 signal after warming the irradiated material to, and 
holding it at, room temperature for 45 minutes (while under high 
L vacuum); after  the^ re-cooling to 77'K (far an EPR measurement), 
the eigr.31 in:ensity had decreased by about one-half (Figure 
I / 6.35). Re-irradiation for 30 minutes at 77OK restored the pre- 
L? vious (irradiadon-produced) intensity (Figure 6.3~) .. Warning 
I i  the sampl. to room temperature again and admitting ~ 6 . 1  tcrr 1 : O2 resulted in a large decrease in the EPR signal (at 77OR,. 
The pre-inadiatiog signal ir shown in Figure 6.4a; after O2 
bleaching as Figure 6.4b indicates, the signal is actually smaller 
than the original signal. 
'4 1 I.! 6.1.2.2 Anatase Titgnium Dioxide Converted to Rutile 
I ; The EPR spectrum in Figure 6.5 is that of DuPont FF-anatase I '. convertec?. to rutile by a thermal treatment identical to that given L i 
the oxide mixture (ZnO and TiOq) in the solid state method of 
1 ;  preparation of ZnpTi04; it was prepared in a water slurry, dried 
and heated at 925°C in air and annealed. A paramagnetic center 
1 I with Q = 2.0037 and g,, = 2.0005 (mcst likely an cxygen species) \ r  is tile only center observed prior to high vacuum treatment. 
i After the formation of rutile in this manner, the macerial was 
heated at (500/6) at 1.0-~-10-' torr. An intense asymmetric 
i: signal attributed to ~1'~ with % - 1.9864 and &I, = 1.9469 was 
* -& observed. (See Figure 6.6). Comparison ~f this latter spectrum 
I with that of a secondary standard of ~ n *  1.n CaC03 yielded a spin 
concentration of 2.0 x i014 ,pins in a sample of appro::imately 
'b 0.2 gram. The spectrum of LW anatase hzat treated in high 
vacuum is shown in Figure 6.7 for comparison. No additional 
centers were produced or destroyed by: (a) in-situ irradiation 
--- 
for 30 minutes at 77"K, (b) irradiation for 39 hours at crmbient I temperatures, or (e) admission of air. 
i l  ,I 
. I  
Figure 6.2 EPR SPECTRA OF ZnO /IT 77°K EFFECT 
OF ULTRAVIOLET IRRP ATION AT 
77°K 
(a) Fefore Txradistion 
(b! After Irradiation 
6 -6  \ 
s*Caolrrr*lvll . , __- .,_ *_-..-, - , . .. . -  -- I ----I_ , _ , .. . . 3- 
RE.(& 
O O W  
W W  
& R Z  
P t k W  
W W U  
H- Y 
= 9M2 MHz 
Figure 6.4 EPR SPECTRA OF ZnO AT 77OK EFFECT OF 0 
(ONE TORR) ON ULTRAVIOLET- YREATED C E ~ ~ T E ~ I  
(a) Original, before irradiation and O2 
bleaching 
(b) After irradiation and O2 bleaching 
Figure 6.5 EPR $T % 7 7 O K  OF F.F. (ANATASE) TiOZ AT 
1 0 -  TORR. MODULATTON - 7.4 G 
F 
- 
I 
- 
umic 9700.1 MHz 
=9688.27 MHz 
6- 9 
e. I 
with % - 1.9796 wae observed as well ab at a gl = 1.9864 and the 
resonance "y", tentatively assigned to conduction electrons in . . 
6.1.2.3 Zinc Orthotitanate (8-229) 
ZnO. The spectra are shown in Fbgure 6.8. The spin concentration 
was 2.1 x 10" in a saiile of approximately 0.2g. Lj l i  I 
A control of sample of Zn2Ti04 material (IITRI Batch No. B-229) 1.i 
* ,  
was heated for four hours at l ~ - ~ - l o - ~  tom. An intense EPR signal 
The ~mp1.e 8-229 Zn2Ti04 with L ! excess ZnO was irradiated ('9 in the EPR cavity in a vacuum of torr at roc3 tmperature: i 
the EP* spectrum was observed simultaneously. Th? qpectrum was 
noisy, but it was,apparent that zwo signals not present in the g 
grounG state were created, one at g = 2.00 and one at g = 1.98. 
Liquid nitrogen was added to the dewar during irradiation and the 
signal-to-noise improved (as expected). Warming the sample to 
iji 
room temperature for %l5 minutes and re-cooling resulted in the 
disappearance of the g = 1.98; the spectra are shown in Figure 
#ti 
6,9a. After rew~nning the sample to room temperature for $22 
minutes and recooling, both photo-created signals had disappaared 11 
as is shown in Figure 6.9b. The large signal in both spectra is 
the y' center(s) in ZnO. 
. . i ,  
rb 
. .. p 
The sample was evacuated to torr and EPR spectra was 
obtained initially (Figure 6.10a), and after one hour room tempera- 
ture irradiation (Figure 6.1Ob), 20 hours room temperature irradia- 
tion (Figure 6. lOc), and after admission of air at 760 torr (Figure 
6.10d). A new signal at g = 4.25, which seemed to be affected 
by irradiation was detected but no fully investigated. Only after 
extensive irradiation was the center "x" detected, and it did not 
alter even after three days in air. On the other hand the signal 
"y", attributed to centers in ZnO, did indicate a photo-created, 
air blez chable component. 


(b) I Hf UV-IRRADIATION 
((-1 20t41; LIV IHHADIAIION 
\ I  (d) AFTER AIR BLEACHING 
Figure 6.10 EPR SPECTRA OF Zn2Ti04 WITH EXCESS ZnO 
- .c 
' I '  
. -. . -- - . -. -.--- r: _" .  _ _  LL ,. 
. . 
In contrast to the above results, this sample contains no 
centers attributed to ZnO and after 14 hours of irradiation at 
room temperature, no new centers are created. Four unidentified 
centers (shown in Figure 6.11) are observed with mean g values of 
2.0840, 2.0664, 2.0018 and 1.9572. An EPR signal at g = 4.25 
was observed but was weaker than that found in irradiated, un- 
treated zinc orthotitanate. 
6.1.2.5 s2Ti0,,+ with Excess - TiOl
The sample was evacuated to less than torr and sub- 
jected to room temperature irradiation and subsequent air bleach- 
ing at one torr for 51 minutes. The spectra are shown in Figure 
6.12. Figure 6.12a shows the spectrum of the sample prior to 
irradiation. In contrast to the results obtained in irradiation 
Zn2Ti0 with an excess of ZnO, 2 hour room temperature irradiz- 4 
tion of this material created the signal at g = 1.98 (Figure 
6.12b) and 19 more hours of irradiation further increased the 
signal (Figure 6.12~). Additionally, the center was partly 
bleached (Figure 6.12d) by exposure to air for 51 minutes at a 
pressure ~f one torr. Centers attributable to ZnO vere not de- 
tected in Sample 3, but the center at g = 4.25 was intense. 
6.2 Discussion of Results 
Unirradiated SP-500 ZnO exhibits only a weak EPR signal at 
g = 1.9561, which is identified by Geisler and Simmons (Ref. 6.3) 
as the ultraviolet-sensitive center in non-heat treated ZnO. 
This signal is increased by ultraviolet irradiation and is oxygen 
bleachable, thus suggesting that it is associated with the bleach- 
able infrared damage in ZnO. We are reasonably certain that the 
center itself is not the infrared absorbing species but rather is 
a localized surface paramagnetic certer (trap) that is produced 
simultaneousl:~ with the promotion of electrons to the conduction 

!dl A F T E R  AIR BLEACHING 
t b- 45464 
n -- q=4 25 
Figure 6.12 EPR SPECTRUM OF Zn2Ti04 ISTH EXCESS Ti02 
- 
band. A summary of sone of the centers found in ZnO by us and 
aleo by other is listed in Table 6 1. Since the sample that we 
investigated had not been subjected to high temperature heat- 
treatment, the center with a mean g = 1.960 (which we call "y") 
and the center whose g components are g = 1.9556 and g,, = 
1.9569 were not found in ZnO. 
I 
Table 6-1 
PARAMAGNETIC CENTERS IN ZnO 
Center How Created Identification of Center 
-- 
g = 1.960* (donor-heat created) Substitutional halogen 
g = 1.9569* Heat created Electrons in oxygen 
g = 1.9556* Anion vacancies 
g = 1.9561** Ultraviolet created Shallow surface trap 
4 
*Found by Kasai (ref. 6.4) (as well as IITRI a ~ d  others) r .  
**Found by Geisler and Simmons (ref. 6.3). 
In previous reports and publications we have postulated that 
infrared damage in zinc oxide is due to absorption by electrons 
trapped in the conduction band (Ref.'s 6.5-7). The possibility 
certainly exists that a trap lying a few hundredths of an eV be- 
low the conduction band also contributes, but we have claimed that 
such a trap, would be filled very rapidly and that nearly all of 
the induced absorption would result from conduction electrons. 
The ultraviolet sensitivity of the g = 1.9561 center and the fact 
that it is oxyger. bleachable, together with JU;: strong conviction 
that the EPR of conduction (fr e) electrons would be extremely 
difficult to detect at 77OK, make it apparent that this signal 
is associated with the shallow trap. Thus, the effect of O2 
bleaching is to remove electrons from the conduction bend and, 
consistent with earlier models, to re-oxidize the localized sur- 
face trap at g = 1.9561, with the ultimate formation of negatively * 
charged oxygen species at the surface. 
The EPR spectra  of the DuPont FF anatase which was p a r t i a l l y  
converted t o  r u t i l e  seems t o  be unaffected by u l t r a v i o l e t  i r r ad ia -  
t ion ,  and the EPR centers  found i n  both i r r ad ia ted  and unirradiated 
mater ials  resemble those found i n  the  unirradiate.1 ?recursor ana- 
tase  (cf Figure 15, Ref. 6.7).  These f indings,  i f  v e r i f i e d ,  would 
r u l e  out any important e f fec t  of res idual  T+.02 i n  zinc o r t h o t i t a -  
na te  - a t  l e a s t  insofar  a s  ~ i + ~  species ( in  Ti02) might contr ibute  
t o  S-band damage. An x-ray d i f f r ac t ion  pa t t e rn  of t h i s  sample 
indicated the presence of both forms. An.itase appeared t o  be pre- 
dominant, but the r u t i l e  form was present t o  the extent  of 30-40%. 
6.2.3 Metastable Species 
The term metastable implies tha t  the  species i s  very short-  
l ived,  especial ly  a t  room temperature. Hence i t  is  very important 
t o  co r re la t e  ultraviolet-induced magnetic resonance changed with 
the s t a b l e  op t i ca l  changes. To achieve the high l eve l  of s e n s i t i -  
v i t y  required,  EPR measurements a re  normally made a t  77°K dis-  
appears upon warming the  sample, then i t  i s  almost ce r t a in ly  not 
r e l a t ed  t o  any o p t i c a l  damage which p e r s i s t s  unaltered through 
the same temperature change. 
Zinc o r tho t i t ana te ,  l i k e  ZnO and TiO,, i s  a la rge  band gap 
L. 
semiconductor; very l ike ly  i t s  band s t ruc tu re  resembles t h a t  of 
Ti02 more than tha t  of ZnO. The upward curvature of the  valence 
and conduction bands near the surface would lead us to  suspect 
t h a t  any given type of defect would have d i f fe ren t  propert ies  de- 
pending upon i t s  dis tance from the surface compared to  the band 
cur\rat:ure. Oxygen bleaching experiments (Ref. 6.6) have i n  f a c t  
conclusively sham t h a t  i n  both Ti02 and Zn2TiC4 the vis ible-near  
inf rared  damage i s  only pa r t ly  bleachable, yet the EPR spectra  
euggest tha t  the same species ,  in  t h i s  cz.e ~ i + ~ ,  a r e  responsible 
f o r  both the bleachable and unbleachable o p t i c a l  absorption, 
surface and bulk ~ i + ~ ,  respectively.  
It has now been demonstrated that a form of ~1'~ rhich is 
metastable can bc produced by irradiation at 77OK; and that a 
different ~ i + ~  aperies is produced only after extensive irradia- 
tion at room temperature. This cmfirmation of metastable species 
clarifies some of the EPR results previorrsly reported (Ref. 6.2); 
long- time room temperature irradiation-produced ~1'~ is the species 
which must be correlated with reflectance damage. In Gssence we 
have distinguished centers which are not optically significant 
from those which may be. In previous 77OK irradiation studies 
(Rat .  6.2) we found no essential EPR difference between Zn2Ti04 
powdex and Owens-Illinois paint made from it, yet a great deal of 
difference in the reflectance spectra was ,:oted. 
6.2.4 ZilO in Untreated Zn2TiOIj (B-2291 
The ZnO remaining in Zn2.Pi04 @-229) after high-temperature 
(925°C) reaction exhibits not only the ultraviolet-sensitive center, 
but also the heat-created center reported by Kasai (Ref. 6.4). 
These two centers comprise what we have called y' (Ref.'s 6.2 and 
6.8). The ultraviolet sensitivity and efiect of air-bleaching is 
observed in the low-ffeld side of the signal in the right hacd 
part of Figure 6 -  1 0 .  We believe that the permanent ncn-bleachable 
damage at 363 nm mag be associated with the hig". = .  ,' component 
of y'. Note that the center we called y found in high texpera- 
ture (2400°C) plasma-annealed material at g = 1.960, is not fcund 
in our non-plasma-annealed materials. 
6.2.5 S2TiO, (B-229) 
The signal at g = 4 25 is most likely due to ~e'.~ (Ref. 6.9). 
The observation that irradiation of the material increases the in- 
tensity of this signal suggests that the ~ e *  form of iron ray 
be contributing electrons which cause permanent ~ i + ~  damage accord- 
ing to 
~ e *  + Ti++ l7Z3 + ~ i + ~  
The presence of iron in orthotitanate may produce mother complica- 
tiong feature in that ~ e *  is known to absorb at 875 nm (Ref. 6.10). 
6.2.6 Li,SiF, Treated Zn2Ti0, (B-454) 
The Li2SiF t rea ted  B-229 exhibi ts  a l e s s  intense s ignal  a t  
6-+3 g = 4.25 ( less  Fe ) than i ts  (untreated) precursor (B-229) and 
a lso  exhibi ts  no ZnO-type ce r t e r s .  This supports our e a r l i e r  
thes is  (Ref. 6.5) t h a t  the surface treatment provides e i t h e r  an 
electron scavenging e f f e c t  o r  prevents primary ionizat ion pro- 
cesses from occuring by providing an electron-r ich surfdce. 
Stable was not  found i n  these mater ials  and the  o p t i c a l  
reflectance showed no S-band damge. 1 1  
6.2.7 &2Ti0,with Excess Ti02- 4 
Here, the creaction of par t ia l ly-bleachable i s  a p p a r e ~ t  1 i 
and i s  corroboracifig evidence f o r  a species being responsible 3 
f o r  S-band damage. 
6.2.8 Zinc Orthotitanate i n  01-650 "Glass Resln" 
Extended i r radia t ions  of B-229 zinc o r tho t i t ana te  i n  Owens- 
I l l i n o i s  650 vehicle have resul ted  i n  the observations l i s t e d  i n  
Table 6.1, where we provide a comparison of the r e s u l t s  obtained 
on the pigment alone (Ref. 6.8) vs those obtained on an Owens- 
I l l i n o i s  paint  made from t h i s  pigment. 
The basic findings i n  t h i s  t e s t  a re  t h a t :  ~ i+ '  i s  produced 
i n  much greater  concentration i n  the pa in t ;  the  ~ i + ~  is  mostly 
(but not ent i re ly)  oxygen- o r  air-bleachable;  the ~ e + ~  form of 
i ron,  a natural  i m p ~ r i t y  i n  the pigment, follows a d i f f e ren t  con- 
centration his tory when the pigment i s  i r r ad ia ted  as  a pa in t  
than when i r radia ted  a s  a pigment alone; and the  s ignal  y '  re-  
sponds d i f ferent ly  t o  i r r ad ia t ion  i n  the  pigment alone versus 
tha t  i n  r5e paint .  
The correlat ion of the EPR centers with op t i ca l  damage i s  
by no means complete, but differences i n  the op t i ca l  spectra  of 
the pigment and paint are  explicable i n  terms of the centers  ob- 
served. 
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6.3 PRELIMINARY MODEL FOR D W i L  iN Zn2TiD,- 
A model of the S-band damage in Zn2Ti0 is not a simple one 4 
because part oE the optical damage is oxygen stable and part (the 
long wavelength side) is oxygen-bleachable. A model suggested 
earlier was based on the equation: 
where Oin stands e.g., for 0;. 0'. o - ~ ,  
. +3 As we stated earlier, T+ defects on or near the surface 
of a particle will behave differently than those closer to its 
interior. Thus a different donor-acceptor scheme will be im- 
portant for each. The table below lists a few of the more likely 
donors and acceptors active in the zinc orthotitanate photolysis 
s cheme . 
Table 6-2 
LIKELY DONORS AND ACCEPTORS IN Zn2TiOh PHOTOLYSIS 
- 
Donors 
- 
Acceptors 
~ 1 -  = C1' + e- ~ i + ~  + e- = Ti +3 
0: = xo -(n-1) + e- o2 + e- = O; 
Few = Fe * + e  Fe * + e- = Fe -1-t 
- -- 
Howevex complex the solid-state and surface chemistry of this 
material is, it is obvious that gaseous oxygen plays an important 
role as a "shuttle" for electrons - and this role can be drastic- 
ally affected by surface treatment or plasma-treatment alteration, 
causing a suppression or enhancement of primary ionization pro- 
cesses. 
From the basic findings noted above we can definitely ascribe i 
the fnstability of certain zinc orthotitanate pigments to an inter- 
action with the silicone binder. EPR confirms what is observed in 
4 
the reflectance spectra: the silicone binder obviously pre- ti #! 1 
disposes some zinc orthotitanate pigments to S-band damage. 1 
The fact that two distinctly different ~1'~ signals are de- 
tected is consistent with the above observation because large band- 
gap semiconductors display strong surface effects. Environmentally 
created ~ i ' ~  may have different electranic environments, wherein 
it may have different EPR spectra, depending upon where it resides - 
in the bulk or in tl e depletion zone (the band-bending region). 
From the reflectance spectra we have clearly established the 
fact that the instability resides with the zinc orthotitanate pig- 
ment rather than with the 01-650 vehicle. This interaction has 
i 
caused catastrophic damage in certain pigments which may not have 
been completely stabilized by surface treatments. Thus, the pre- 
parative stoichiometry is very important, for two reasons - to 
regulate the ZnO excess and to control the surface defect density 
+3 
which may be predisposed to the photocreation of Ti . 
14 The discovery of a spin density of 2.1 x 10 10.2 gm is a 
significant finding as it raises a strong inference that the Ti +3 
in Zn2Ti04 (B-229) is not mainly in residual Ti02. but rather 
is intrinsic. It can not be unequivocally stated, however, that 
residual Ti02 remaining in the Zn2Ti0 ts not much more susceptible 4 
to ~ i + ~  formation in Zn2Ti04; but the propensity for that forma- 
tion would have to be increased 100-500 times to account for the 
spin concentration observed. 
The different values found for g in the two materials, viz, 
1.9864 and 1.9796, also lend support to the thesis that the center 
arises from two different crystalline environments (possibly a 
sesqui-titanate). Thus. the problems of stabilizing ZnpTi04 re- 
late to Zn2Ti04 intrinsically, rather than to Ti02 or ZnO im- 
purities. 
One of the major objectives of the EPR investigations was 
to;establish a correlation between EPR spectra and optical de- : I  I 
gradation. Irradiations and EPR measurements carried out in-situ G 1, 
were followed by EPR measurements in an oxygen (adsorbate) environ- 1 
ment. Since neither the intensities of EPR spectra nor their dis- I1 1' 
appearance rates in O2 could be correlated with induced spectral 
optical degradation or with bleaching rates of the S-band in 02, 
- '  1, 
t ' 
Ii 1 
we must conclude that EPR activity and W induced defect concentra- * {  4 I 
tions i~ Zn2Ti04 are not correlatable. This, of course, is not - >  , 1 
. . i 
unexpected since EPR transitions are many orders of magnitude less . I  
energetic than the optical transitions to which they might relate. 
- .  : i 1 
. I 
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7.0 - GENERAL COATINGS INVESTIGATIONS 
7.1 INTRODUCTORY REMARKS 
Three investigations which fall'in the category of general 
coatings investigations were undertaken. The first was the 
development of a highly stable paint system based on S-13G pig- 
ment and the IITRI-modified Owens-Illinois 650 "Glass Resin". 
A second study attempted to identify satisfactory, commercially 
available strippable protective coztings to be used on sensitive 
spacecraft thermal control surfaces during pre-launch storage. 
Tn a third study, we investigated the effects of a simulated 
salt/spi-ay environment on S-13G thermal control paints. 
FORMULATION AND EVALUATION OF A-429M 
A-429 is an Ovens-Illinois 650 resin pigmented with potassium 
silicate treated zinc oxide (S-13G pigment). The successful end- 
blocking of Owens-Illinois 650 .resin (descri.bed in a proceeding 
section) permitted the reform~lation (see table 7.1) of this 
pain.t using the modified resin, designated OI-650G. The paint 
was, therefore, re-designated A-429M. Although this coating does 
not exhibit "coasting," it does require baking to optimize its 
cure. It is adherent, resistant to wide temperature variations 
(including LN2 thermal shock) , possesses exceptional optical 
stability (equal to A-429), and has adequate shelf-life. 
Table 7-1 
FORENLATION OF A-429M THEWAL-CONTROL PAINT 
Ingredients - Cornposit ion (pbwdc) 
Silicated ZnO 36 
Owens-Illinois 650G 18 
Solvent T- 2 6 36 
Toluene 75 w/o 
n-Butyl Acetate 15 w/o 
11-Butyl Alcohoi 10 w/o 
-- 
*parts by weigh~ 
7.2.1 Evaluation 
S~ecimens of Batch C-406 of A-429M were prepared using the 
three different curing schedules shown in Table 7.2, where the 
physical properties of the resultant coatings are also noted. 
Table 7-2 
A-429M COATINGS - EFFECTS OF CURE SCHEDULE 
Coating No. and Cure Physical Properties - 
(A) 24 hr room temperature 
(B) 16 hr at 250°F 
(C) 16 hr at 250°F plus 
2 hr at 350°F 
Printable, glossy coating 
Moderately-hard, semi-glossy 
enamel 
Hard, dead-f lat enamel 
IRIF Coupons of the baked coatings were irradiated in both 
, . 
IRIF-I (1500 ESH at 150°F for both (B) and (C) and in the CREF 
(IRIF-11) (3000 ESH at 50°F for (Bj) . 
. . 
7.2.2 Irradiation Tests 
7.2.2.1 Sample Description 
Test 1-57 involved three A-429M samples of an early experi- 
mental formulation. The test temperature was maintained in the 
range 150-155°F. Two of the three samples were cured at 250°F/ 
15 hr; the third, at 350°F/4 hr. The samples were irradiated at 
an intensity of five (5) equivalent suns. Spectral reflectance 
~easurements were made before irradiation (in air and in vacuum), 
after 100, 500, 1000, 1500 and 2000 ESH at a pressure of less 
than 5 x lo-' Torr, and finally in air. 
In CREF Test No. 9, the A-429H sample was irradisted at 
room temperature at four (4) suns. Spectral reflectance measure- 
ments were made initially and after exposures of 575, 2000 and 
3000 ESH. In this test the sample is from a more recent formula- 
tion of A-429M. 
7.2.2.2 Test Results -
The spectral reflectance curves for one of two 250°F/15 hr 
A-429M samples are shown in Figure 7.1; the spectra for the 350°F- 
4 hr sample are similar, but indicative of even greater stability. 
The CREF curves are shown in Figure 7. 2. 
The extraordinary performar~ce of this paint system is 
markedly evident, especially izl 1-57 where an unusually severe 
temperature environment is maintained. Furthermore, despite the 
fact that these coatings have not been optimized, their reflectance 
values are quite good. These two statements can be smmarized 
quantftatively by noting that the solar absorptance in 1-57 in- 
creased by only 0.018 that is, from 0.204 to 0.222 in 2000 ESH. 
In the CREF test, an k-429M sample demonstrates very similar 
stability. In more than 3000 ESH, the solar absorptance has in- 
creased by only 0.014. The spectra suggest that the damage has 
saturated and that the solar reflectance has thus stabilized. 
1.2.3 Conclusions 
A-429M is undoubtedly the mst stable paint system ever de- 
veloped by IITRI and svailable in quantity. Its stability con- 
siderably exceeds that of S-13C and is superior even to that of 
2-93. Its optical and engineering properties have yet to be 
optimized, but its performance patently qualifies it .s ultra- 
stable paint system. The high outgassing characteristics of the 
resin, however, may limit its use to applications in which con- 
tamination is not a major concern. 
7.3 STRIPPABLE PRE-LAUNCH PROTECTION -- COATINGS EVALUATIONS 
7.3.1 Introductory Remarks 
Thermal control surfaces for spacecraft are only as reliable 
as the protective means taken to assure and maintain their clean- 
liness while in storage, because all surfaces and surface coatings, 
even the most stable, are scsceptible to contamination. Following 


the application of paint, spacecraft surfaces will be exposed to 
numerous environments, human handling and storage to name but two. 
The types of contamination are legion; the effects, however, are 
of two general kinds. The first is due to the increased initial 
optical absorption and subsequent degradation and increase in as. 
The second effect is the potential accelerated ultraviolet radia- 
tion damage in the paint. The effect of ultraviolet radiation on 
an oil-contaminated white paint, for example, is to accelerate 
the normal degradation rate of solar absorptance. We are certain 
that the reported poor - and often-times erratic - performance 
in space of many white coatings has been the direct result of con- 
tamination. Accordingly, the timely application of a protective 
coating to all exposed, critical thermal control surfaces, to be 
removed immediately prior to launch, should be made standard pro- 
cedure. From rhe time that a coating is applied until the time 
of launch, the opportunities for contamination are virtually 
limitless. 
Contamination and its effects have been receiving a great 
deal of attention. Large vehicle sizes and the increasing degree 
of sophistication in flight experiments and scientific instrumenta- 
tion place strong demands upon the cleanliness of spacecraft and 
spacecraft components. P.. wide array of environments wjll be ex- 
perienced by the spacecraft on its way from the various manu- 
facturers and assembl-ers of its components, to the launch site, 
and eventually into its space mission. 
7.3.2 Objectives 
The intent of this effort was to develop protective coatings 
for thermal control surfaces. We have chosen four representative 
surfaces: S-13G, 2-93, polished aluminum and suprasil quartz. 
While largely arbitrary, these choices cover a large spectrum of 
actually used materials - from the silicones to tLe inorganic 
paint systems and from the metals to the dielectric surfaces. 
The ideal protective coating would be an univeral one; it would 
be water-based, impermeable, adherent to all surfaces, easily 
stripped even aitex long periods of outdoor exposure, readily 
identifiable as a protective coating, and, of course, would 
leave no - contamination. 
7.3.3 Coatings Evaluations 
A total of twelve (12) strippable coatings formulations were 
obtained from commercial sources. These coatings represent both 
water and hydrocarbon solvent types. The strippable coatings 
evaluated are listed in Table 7.3 
" , 1 ;  7.3.3.1 Strippability Investigations F ., , 
Fifteen (15 j alminum panels (3" x 6") were given 0.1-0.3 
mil (dry film thickness) application of G.E. SS-4044 primer, 
followed by 8-10 mils (dry) S-13G. The panels .iir drlecl for 
ten days after which they were sprayed with the strippable coat- 
ings. Sprayng viscosity, thickness of film, etc., were in 
accordance with the manufacturer's suggestions. Around one end 
of each panel, between the protected (S-13G) and the protective 
films, a layer of 1" masking tape was w~apped. Likewise, 15 
aluminum panels were "break free" cleaned and coated with 4-5 
mils (dry) 2-93. They also air drled for ten days before being 
covered with the strippable coatings. 
The strippable coatings were then applied tc each set. After 
ten (10) d , j s ,  each coating was removed by pulling the tape. Nots- 
tions were made as to the ease of removal and the degree of con- 
tamination left on the "protected" thermal control coatings. Com- 
parisons were ma& with panes of 2-93 and S-13G sprayed with 
the original sets. The retalts appear in Table 7.4. 
*O Since weatherometer exposure might radically change the ad- 
hesion of the strippable coatings, it was decided to submit five 1 of the most promising of these to chis test. Formulas 2, 8 and 
9 were tested over 2-93. Formulas 1, 2, 8, 9 and iZ sere tested 1 over S-13G, polished aluminum, and suprasil quartz. The panels 
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were placed in the Atlas Weatherometer for a total of 139 hours, 
corresponding roughly to six months of exterior exposure. 
In order to determine the effects of weathering on stripp- 
ability and visual contamination, the four most promising formula- 
tions were applied on the four basic substrates. After the 
weatherometer exposure the strippable coatings were peeled back 
and notations made of stripping ease and visual contamination re- 
maining on the substrate. Table 7.5 contains detaileC results. 
In general the weatherometer exposure caused no changes in 
the aiihesion of the strippable coatings. The fact that Glidden's 
formula adhered tightly to 2-93 was not due to the weathering 
but was caused by the ftlm being only 3 mils (dry). This was 
proven by preparing a ladder of varying thicknesses of Glidden's 
strippable coating over 293. It was found that the film ~ u s t  be 
in the 7 to 11 mils (dry) range to attain the proper degree of 
adhesion. Glidden's fornula was disqualified, however, because 
of the film contamination it leaves on the quartz and aluminum 
surfaces. This same residue is probably left on the 2-93 sub- 
strate but is not visible because of the white background. 
With respect to the performance over all four substrates, 
only Potter Paint's Peel-Astic and DeSoto's 843LOCl-910L731 
appeared promising. Both did well over every substrate except 
2-93. The B.F. Goodrich formulations were also disqualified be- 
cause they appear to actually lift a layer of the vapgr  deposited 
aluminum and because they adhere too tightly to the quartz. The 
quality of the vapor deposited aluminum film, however, was 
later shown to be inferior. Tests of this material were then 
resumed. Neither the DeSoto and Potter Paict formulas were 
tried over 2-93 in the weatherometer because they failed in the 
initial peel tests. On checking the original test panels the 
Potter Paint film xas foune co be o.,ly 3 mils. The DeSoto coat- 
ing was 12 mils. Working further with Potcer Paint resulted In 
the discovery that it will peel cff 2-93 satisfactorily if a 
minimum of 7 mils is applied. No visible residue is left. 
Table 7- 5 
EVALUATTOK OF STRIPPABLE COATINGS/ 
FILHS AFTER 139 HOURS iN ATLAS WEATHEROMETER 
- Coatings Visua l  Contamination 
-- 
Ease of Removal 
---------- 
Over 293 
Adhered too t i g h t l y .  Cannot be  p u l l e d  
o f f  without  t e a r i n g .  
Glidden Booth 
Coating 
B.F. Goodrich 
Hycar 2679 - 60% 
tlycar 2600 - 40% 
Adhered t o o  t i g h t l y .  Pulls,  some 293 
came o f f  with i t .  
none 
none B.F. Goodrich 
Hycar 2679 .- 40% 
Hycar 2600 - 60; 
Adhesion about r i g h t ,  but s p o t s  of  293 
came o f f  with s t r i p .  
Over S-1% 
-- 
Too loose  excapt  a t  edges. P o t t e r  P a i n t  
Peel-As t ic 
none 
Glidden Booth 
Coating 
No adhesion.  Discarded. 
B.F. Goodrich 
Hycar 2679 - 60% 
Hycar 2600 - 40% 
Adhesion about r i ~ h t .  none 
none 9. F. Goodrich 
Hycar 2679 - 40% 
Hycar 2600 - 60% 
Too loose.  
Adhesion almost r i g h t .  Two smal l  s p s t s  o f  
of S-13C came o f f  with s t r i p .  
none DeSoto 
843UX)l-510731 
Over Pol i shed  Alominum 
P o t t e r  P a i n t  
Peel-As t i c  
Adhesion about r i g h t .  Did not remove 
any aluminum with s t r i p .  
none 
claudy f i l m  
-- 
Clidden Booth 
Coating 
S l i g h t  adhesion,  except  a t  edges. Does 
no t  t a k e  aluminum o f f  wi th  s t r i p .  
B. F. Goodrich 
Hycsr 2679 - OD% 
Hycar 2603 - 60% 
Pul led  aluminum o f f  with s t r i p ;  o therwise  
adhesion ahout  r ~ g h t .  
DeSoto 
543I.001-910~7Ji 
S l i g h t  adhesioii, except  a t  edges, bu t  does 
n o t  take alurninurr. o f f .  
Over 3 u & r ~ s i l  Quartz 
-- 
Adhesion e x c e l l e n t .  P o t t e r  P a i n t  
Peel-As t i c  
none 
cloudy f i l m  
none 
Glidden Booth 
Coat in; 
Very loose;  only s t i c k s  a t  edges. 
8. F. Goodrich 
tljrcar 2679 - 60X 
Hycar 2b00 - 40% 
Adkes i o n  too t i g h t  . 
B. F. Goodrich 
Hycar 2679 - ItOZ 
Hycar 2600 - 50% 
Adhesion too  t i g h ~ .  
Adhesion cxcc : l en t .  
none 
none 
Potter Paint's f o m ~ l a  strips well from S-13G in the range 
of 4-7 mils dry thickness and from 2-93 in the range of 6-11 mils. 
These thickness tolerances are critical and specific for each 
"protected" material. No visual contamination was evident after 
stripping from the four test substrates. 
Another good candidate was DeSoto's 843L001-910L731, which 
has stripped cleanly from S-13G, polished alumi.num and suprasil 
quartz. It could not be used over 293, however, because, like 
most other coatings, it adheres to it too strongly. 
7.3.3.2 Ultraviolet Irradiation Tests 
The efficacy of the protective coatings vas tested in several 
different ways, all of which, however, involved coating the sub- 
strate (S-13G, 2-93, etc.) with the protective coating, removing 
the latter after a predetermined period of contact, and then ex- 
posing the substrate to ultraviolet irradiation. If the "pro- 
tected" substrate degraded more than normal, the particular stripp- 
able coating would be disqualified. All samples were exposed 
in duplicate in the Weather-O-Meter test for a period of 335 
hours, equivalent to approximately one year's atmospheric expo- 
sure. 
Because of its excellent stripping characteristics Potter 
Paint's No. ZM-11-CC, "Peel-astic" was applied to a series of 
293 and S-13G coupons for ultraviolet radiation testing. The 
protective coating was removed from the 293 and the S-13G sur- 
faces just prior to installation in the IRIF. At that time the 
coatings had been in contact with their respective substrates 
a total of 37 days. Half of the coupons had been subjected to 
7 days in the Atlas Weatherometer during this period of contact. 
Spectral reflectance values at three visible wavelengths Scfore 
and after 501 ESH of ultraviolet radiation are listed in Table 
7.6. It is obvious that the strippable coating left consiaerable 
contamination on the 2-93 surface; it definitely was not apparent 
upon visual examination. The S-13G series shows little difference 
Table 7-6 
EFFECTS OF POTTER ON 
"PEELASTIC" STRIPPABLE COATING I~~.TRAVIOLET 
STABILITY OF S-13G* AND Z-43* 
T e s t  Coatings* Before After  Before After  Before After  
*Strippable coating was removed immediately p r i o r  t o  IRIF  
u l t r a v i o l e t  t e s t .  
*a,b controls ,  no s t r ippab le  coatings applied 
c ,d  coatings t o  which s t r ippable  coating was applied f o r  
5 weeks before W t e s t ing .  
e,f same a s  c , d ,  except includes 1 week i n  Atlas Waather-O- 
meter. 
between the controls and the test coupons. This tentatively 
indicates that Potter Paint's product ZM-11-CC is a satisfactory 
protective coating for three of the four substrates, 293 being 
the exception. Peel-astic leaves a residue only on 293, which, 
even though not apparent to the unaided eye, caused serious 
damage to its reflectance. S-13G was not affected. 
The results of all tests indicate that Potter Paint's Peel- 
astic would bc satisfactory over three of the four substrates 
used in these tests, viz., Suprasil Quartz, Polished Aluminum 
and S-13G. The most promising protective coating for 293 is 
B.F. Goodrich's formula No. 8, which is water dispersible. Since 
the Goodrich No. 8 formula is transparent, a red iron oxide 
shading base was prepared to give it a slight reddish cast, and 
ihus to assure complete coverage and removal. The base was pre- 
pared by pebble milling a synthetic red iron oxide, Pfizer's 
R-2199, in Hycar 2679, a constituent of the Goodrich formula. 
Potter's Peel-astic has an off-white pigmentatio~ which we be- 
lieve offers sufficient contrast to S-13G that addition of a 
shading base is not necessary. 
After the Weather-0-Meter test, two IRIF tests of 2-93 
and S-13G coatings previously protected with strippable coatings 
were conducted. Four samples of 2-93 and four of S-13G were 
exposed to %I300 ESH of ultraviolet radiation in IRIF Test 1-47 
and 1-48. The sample schedule, which was the same in both tests, 
was as follows: one unprotected sample was retained as a con- 
trol (a protective coating was not applied, and the sample was 
stored in the lab); a second sample was coated with a protective 
coating and was also exposed only to the lab environment; a 
third sample was not given a protective coating but was exposed 
in the Weather-0-Meter (for 335 hrs); and the fourth sample was 
coated with a protective coating and exposed in the Weather-0- 
Meter (335 hrs). In all cases Potter Paint's Formula No. 
ZM-11-CC was used over S-13G, and Goodrich #/8 over 2-93. Good- 
rich #8 is an IITRI designation for the mixture of Goodrich 
products: 60% Hycar 2679 and 40% Hycar 2600x138. 
The damage i n  t e s t  IRIF-1-47 was s o  severe  t h a t  contamination 
was s t rongly suspected. In  Table 7 .7  w e  p resen t  f o r  both IRIF-1-47 
and IRIF-1-48 the  induced s p e c t r a l  r e f l ec t ance  changes a t  0 . 3 8 7 5 ~  
(which f o r  both S-13G and 293 i s  the  wavelength a t  which the re  appears 
* 
t . 
a maximum UV-induced s p e c t r a l  damage). From t h i s  t a b l e  one can 
i ,, 
e a s i l y  observe szve ra l  t rends .  F i r s t ,  and most important ,  coat ings  
' 3  r k  
i 
which were "protected" s u f f e r  much g r e a t e r  damage than those  no t  
p ro tec ted .  Second, the  u l t r a v i o l e t  s t a b i l i t y  i s  no t  a f f e c t e d  by a 
, - -  Weather-0-Meter exposure. Third,  the  time of contact  between the  
s t r i p p a b l e  coat ing and the  "protected" coat ing obviously a f f e c t s  
' . *  the  lat ter 's  u l t r a v i o l e t  s t a b i l i t y .  (Previous IRIF t e s t s  of su r -  
faces wi th  much l e s s  contact  time d id  no t  e x h i b i t  unusual damage). 1 9 
." Table 7-7 { 
ULTRAVIOLET-INDUCED CHANGES I N  SPECTRAL 
REFLECTANCE OF "PROTECTED" PAINT FI?*S 
Pro tec t ive  Weather 
Coating Exposure 
None None 
P o t t e r  None 
None 335 h r s  
P o t t e r  335 h r s  
Contact Time** 
None None 
Goodrich- 8 None 
None 335 h r s  
Goodrich- 5 335 h r s  
Contact Time 
S-13G 
Induced Spec t r a l  Reflectance 
Changes, ARx 
1-47 
(1300 ESH) 
23.5 
65.0 (0.4);k 
21.5 
39.0 
40 
2-93 
7 .5  
14.0 
7 . 5  
13.0 
4 0 
- -- - 
1-48 
(1350 ESH) 
25.5 
65.0 (0.39) 
25.0 
59.5 
84 
*The peak of the  curve of ARA vs A usual ly  occurs a t  i = 0 . 3 8 7 5 ~ ;  
the  number i n  parentheses i s  the  wavelength (p) a t  which the  peak 
a c t u a l l y  occurs (when d i f f e r e n t  from 0 . 3 8 7 5 ~ ) .  
**Contact time, number of days p ro t ec t ive  f i lms  were i n  contact  with 
"protected'  surfaces  before being s t r i pped  f o r  i r r a d i a t i o n  t e s t .  
These t e s t s  have shown tha t  the long term concact between the 
s t r ippable  coating and the surface it  pro tec ts  has a degrading e f f e c t .  
Ea r l i e r  t e s t s  showed t h a t  contact times of l e s se r  duration did not  
a f f e c t  the u l t r a v i o l e t  s t a b i l i t y  of S-13G. 
A mitigat ing e f f e c t  of the Weather-0-Meter exposure was noted. 
The degradation of "unprotected" samples exposed t o  the Weather-0- 
Meter was usually l e s s  than a "protected" bat  otherwise iden t i ca l ly  
t rea ted  sample. 
7i3.4 Conclusions 
None of the protect ive coatings t e s t ed  can be used with e i t h e r  
2-93 or  S-13G. It may be possible t o  adjust  formulations t o  achieve 
b e t t e r  i n i t i a l  adhesion cha rac te r i s t i c s ,  but the environmental 
s t a b i l i t y  of the "protected" surface w i l l  inevitably be a c r i t i c a l  
problem. We discovered tha t  coating contact times of l e s s  than %30 
days r e s u l t  i n  no degradation, while g rea te r  contact times pre-dis- 
posed the "protected" coating to  unusually severe u l t r a v i o l e t  radia- 
t ion  damage. 
7.4 SALT SPRAY EFFECTS ON S-13G 
To gain some idea of what might happen t o  S-13G exposed over 
a long period of time t o  a sal t -spray environment, we put a thick 
layer of simulated s a l t  water (a sa l ine  solut ion containing re -  
presentat ive amounts of the major const i tuents  of ocean water) on 
the surface of several  S-13G coatings and allowed them t o  evaporate 
to  dryn=ss. Four (4) S-13G coupons were prepared (from I I T R I  batch 
C-076); two were untreated and the other  two treated as  indicated 
above. The s o l a r  absorptance values before and a f t e r  exposure t o  
18GO ESH i n  IRIF Test 1-41 are  shown i n  Table 7 . 8 .  
t i -  
- - 
Tab1.e 7-8 
RESULTS OF SIMULATED SALT SPRAY EXPOSURE 
EFFECTS ON S-13G UV DEGRADATION 
Sample Solar Absorptance 
No. - Description -- Initial Final* - 
1 S-13G Control 0.204 0.248 0.044 
2 S-13G with Salt Spray 0.202 0.256 0.054 
3 S- 13G Control 0.204 0.238 0.034 
4 S-13G with Salt Spray 0.205 0.243 0.039 
%After exposure to 1800 ES9 of AH-6 radiation. 
In general, the salt spray samples degrade only slightly more 
than standard S-13G. Surprisingly, the S-13G with visiaully notice- 
able amounts of salt water deposits did not degrade as much as 
might be expected. The spectral data (see Figure 7.3) indicate 
that the spectral degradation is characteristic of S-13G. It thus 
appears that a salt spray environment only slightly increases the 
susceptibility to solar radiation damage - at least, for S-13G. 
The same results were obtained when essentially the same test was 
repeated in IRIF-1-44, in which the exposure was 342 ESH. The Aa, 
values for the control and salt-spray S-13G samples were 0.024 and 
0.015, respectively. The control saraple degradation is higher than 
expected, making these particular data somewhat quesrionable. Never- 
theless the effect of a build-up of simulated ocean spray is minimal, 
if not within the nominal renge of degradation. 
Very nearly the same conclusion was reached in an irradiation 
test (ref. 7.1) of S-13G samples vhich nad been exposed to a salt 
spray enviornment at NASA-Kennedy SFC. 
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PF-OGR?M -- SUMMARY - CONCLUSI9NS AND RECOMMENDATIONS -
In the brief presentation which follows, we highlight 
the principal accomplishments of the program, establish a 
perspective for its evaluation, and offer recommendat ions 
for continued research and development in the field of 
materials for thermal control of large space vehicles. 
The potential that zinc orthotitanate possesses as a 
pigment for spacecraft thermal control applications has been 
thoroughly demonstrated. The practical realization of 
this potential hinges most importantly on pigment stoichi- 
ometry and also on the production process and optimized pre- 
parative conditions associated with it. Pigment compatibility 
with a stable binder also may be a serious impediment tb full 
realization of the pigment's intrinsic stability. 
Many of the cor~clusions reached during the course of the 
program will undoubtedly require modification because of the 
discovery of the substantial dependence of optical properties 
and environinen~al stability on pigment stoichiometry. This very 
dependence, however, establishes a proper perspective for under- 
standing the nature of the problem: 1) The composition of 
" Z Q T ~ O , "  as a function of Zn/Ti ratio, 2) the deternination 
of the chemical identl~y of "TiOX", and 3) the complcte 
el~cidat~on of spectral reflectance values and their stability 
vs. Zn/Ti ratio (where the true nolecular weights of precursors 
are kn~wn) become the primary goals of a continued research and 
development effort. The important process conditions and para- 
meters have been identified and their effects on pigment properties 
and performance reasonably well determined. Thus, the basic 
objectives of the program have Deer! met. Once the three unknowns 
just noted have been eliminated, the seduction of this technology 
to practice rs described in this document will be mainly an 
engineering effort . 
Comparison of t he  p rope r t i e s  and ~a r fo rmance  of t h e  
pigments prepared by s o l i d  s t a t e ,  cop rec ip i t a t i on  , and bix.ed 
oxa l a t e  methods ind i ca t e s  t h a t ,  while i n i t i a l  p rope r t i e s  may 
vary somewhat from one process t o  another ,  none produces a  
pigment more i n t r i n s i c a l l y  s t a b l e  than another .  Each method 
r e t a i n s  f l e x i b i l i t y  i n  adjustment of t h e  Zn/Ti r a t i o ,  and has 
i t s  assoc ia ted  advantages and disadvantages.  The MOX process 
has t h e  d i s t i n c t l y  advantageous proper ty  of con t ro l led  pigment 
p a r t i c l e  s i z e .  The s o l i d  s t a t e  method, on the  o the r  h a n d p i s  t he  
l e a s t  complicated. 
Environmental t e s t i n g  has ,  of cocrse ,  occupied a c e n t r a l  
r o l e  i n  t h e  program. The methods and techniques t h a t  we have 
used i n  many ins tances  a r e  highly  spec ia l ized  and soph i s t i ca t ed .  
The most important elements of environmental t e s t i n g  a r e  t e s t  
design and i n t e r p r e t a t i o n  of r e s u l t s .  I n  t h i s  regard we must 
emphasize, without repeat ing the  bas ics  ii~vol.\red, t h a t  t he  i n t e .  - 
 ret tat ion of test .  r e s u l t s  must -be accompli.shed by analyses  of 
spec t r a l  r e f l ec t ance  curves. The analyses  of spec t r a  of i r r a -  
d i a t ed  samples a f t e r  an oxygen bleach have proved t o  be 
i rva luab le .  Environmental t e s t i n g  has ,  t he re fo re ,  produced 
highly s i g n i f i c a n t  informati.on regarding the  e f f e c t s  of pigment 
p repara t ive  condit ions and parameters, c a l c ina t ion  va r idb le s ,  
chemical t reatments ,  s t r u c t u r a l  modifications and many o ther  
f a c t o r s  involved i n  the  development of production processes.  
Our at tempts t o  modify Owens-Illinois 650 "Glass Resin" 
were success fu l  from the  standpoint  of e l iminat ing "Coasting". 
The modification process ,  however, apparently irlcreases t he  
outgassing p o t e n t i a l  of the  nodif ied (el-65UG) r e s i n ,  s e r ious ly  
r e d ~ c i n g  i t s  p r a c t i c a l  p o t e n t i a l  z s  a space s table  binder .  I t  
should be used only i n  appl ica t ions  t o l e r a n t  of contamination, 
The l ikel ihood of devel-oping a n  a l t e r n a t i v e  process i s  extremely 
s r ~ ~ i l l .  Degassing the  moLificd r e s i n  i n  t h e  B-stage i n  vacuo 
holds some promise but c o u l d  b e  very c x ~ e n s i v c .  F u r t h e r  
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complicating an objective &?pra isa l  of i t s  meri ts  a r e  the  f a c t s  
t h a t  the  modified r e s i n  must be thermally cured, t h a t ,  l i k e  the 
unmodifiea r e s i n ,  i t  too has a tendency t o  predispose the pigment 
t o  extensive S-band degradation, and that the r a t i o  of tri- 
methylchlorosilane/OI-650 ~ ~ i s t  be ca re fu l ly  controlled within 
a very narrow range. Research on s t a b l e  binaers (References 8.1-3), 
sh0ul.d be evaluated fo r  acce2table a l t e rna t ives .  
Those a c t i v i t i e s  which nave beenof a su2portive nature have 
been ins t ruc t ive  and rewarding. EPR invest igat ions,  while they 
did not  co r re la t e  EPR ac - iv i ty  with o p t i c a l  degradation, did show 
t h a t  contaminants j.ntr9duced i.n the pigment production process 
could be detected a t  very low concentrations.  Ths 7 ck of 
op t i ca l  vs. EPR corre la t ions  - a t  l e a s t  f o r  Zn2Tii, - has value,  
ever, though negative with respect  t o  our hopes, i n  defining the 
most valuable approaches t o  piglnent debel rment 
The protect ion of spacecraft  thermal control  surfaces from 
contamination during p r c - - h ~ n c h  storage must be a primary 
objective of spacecraft  mission designers.  Protect ive coat ings,  
however, do nc t  appear t o  represent 3 viable  approazh. There may 
be commercial mater ials  ava i lab le  which do not a f f e c t  the ITV 
s t a b i l i t y  of "protected" coatings but the  search for  them would 
very probably cost  f z r  nore than would the a l te rna t ivca .  
IITRI, f c r  many years,  has recomnended the use of 
unplasticized - p l a s t i c s  f o r  protection of spacecraft  components. 
We very strongly adhere to the axiom t h a t  a thermal control  surface 
i s  an optical  surface and tha t  it should be regarded and pro- 
tected a s  such. Certain s t r i p p a t l e  coatings for  both 2-93 and 
S-13G were found t o  be useful provided t h a t  t he  time of appl ica t ion  
was l e s s  tnan 30 days. C V  i r r a d i a t i ~ n  t e s t s  c l ea r ly  showed t h a t  
thermal control surfaces degraded more than would be 2xpectzd 
when the s t r ippable  coatings were not r e ~ o v e d  fo r  30 days or more. 
Term 
-
Equivalent 
- Sun-Hour 
7ZSH7 
Equivalent 
-kind- Hcur 
nw)- 
Wi17 d 
Sun 
Adsorbate 
Definit ion - 
An equivalent sun-hour is  the  t o t a l  amount of 
incident u l t r a - ~ i o l e t  (Ac403nm) radia t ion  per 
u n i t  area i n  the  e x t r a t e r r e s t r i a l  so la r  in- 
t ens i ty  spectrum a t  a ncminal distance of 1 
A . U .  over a period of one hour. (The term, 
though a rb i t r a ry  and samewhat rnislea,.jing, i n  
t h a t  i t  re fe r s  only to  the LV port ion of the  
sun's radiant  energy spectrum, i s  widely 
accepted and used). 
An equivalent wind-hour is  the t o t a l  amount of 
the incident so la r  wind f l u x  (expressed i n  pro- 
tons/cmz-sec.) a t  a nominal distance of 1 A . U .  
over a period of one hour. A t  L A.U. the  so la r  
wind f lux  is  approxiniately 2 .5  x 10' prctans/cm2- 
see.  An E.J.H., therefore,  represents a fluence 
of 9 .6  x iO1 ' protons/cm2. (In the t ex t  these 
valires would be abbreviated t o  2 .5  (8) and 9.0(11) , 
r e s p e c t i v e ~ y ) .  
A "wind" i s  the so la r  wind f lux  a t  a nominal 
distance from the sun of 1 A.U., and has the 
approxiaate value of 2 . 5  x l o a  pxotons/cnz-sec. 
A "sunw is  the in tens i ty  cf the u l t r a v i o l e t  
'.!<400nm) portion of the e x t r a t e r r e s t r i a l  
s ~ l a r  intensicy sFectrum a t  a distance from the 
sun of 1 A.U. The s o l a r  constant has a 
nominal value of 0.139 watt/cm\ a ''sun" there- 
fo re ,  const i tut ing approximately 9% of the 
so lar  constant, has s nominal value of 12 .5  
~ i l l . i w a t t s / c m ~ .  
The term "delta ct " r e fe r s  t o  the t o t a l  change 
i.n so lar  absorpta8ce experienced by a mater ial  
a f t e r  exposure t o  a specif ied environment. 
Solar absorptance is  the r a t i o  of the energy 
absorbed fron the ext rar res  t r i a l  so la r  in tens i ty  
spectrum p e r  uni t  area by a plane normal sur- 
face t o  the t o t a l  s c l a r  energy incident on i t .  
-. 1r.e t e r m  p -I- dec ' ;nates a proton, qn ionized hy 
dxogen i ~ n .  
The tern sbsorhate r e fe r s  t , ~  s gas o r  vapor 
adsorbed on zt s o l i d  sur face ,  i t  does not con- 
--. 
riote chemi-sorption o r  yhysi-sorption, spec i f i -  
cc1l.y . 
oxygen (02) 
Bleach 
S-13G 
This r e f e r s  t o  a process i n  which oxygen 
i n t e r a c t s  with an i r r ad ia ted  surface t o  r e s t o r e  
e i t h e r  f u l l y  o r  i n  p a r t  the  pre- i r radia t ion  
ref lectance of t h a t  surface.  
S-13G (and S-13GlLO) a r e  f l i g h t  qua l i f i ed ,  
spec i f ica t ion  thermal cont ro l  pa in t  systems 
by IITXI. Both u t i l i z e  a potassium s i l i c a t e  
encapsulated zinc oxide (New Jersey Zinc Co's 
SP-500) a s  the  pigment, and General E l e c t r i c  
Co's RTV6C2 methyl s i l i cone  pot t ing compound a s  
the  binder. For S-13G/LO, however, the RTV-602 
i s  vacuum str ipped t o  remove v o l a t i l e  compounds. 
2-93 i s  a f l ight -qual i f ied  spec i f ica t ion  
thermal cont ro l  paint  system consis t ing of z inc 
oxide (New Jersey Zinc Co's SP-500) a s  the  pigment 
and potassium s i l i c a t e  (Sylvania E l e c t r i c  Co's 
PS-7) a s  the  binder. 
Spectrum A spectrum, i n  the  sense used i n  t h i s  r epor t ,  
r e f e r s  t o  the wavelength regions commonly known 
as  near u l t r a v i o l e t ,  v i s i b l e ,  and near inr rared .  
The ultravi-ole+ spectrum extends from about 
300nm t o  403m; the v i s i b l e ,  from 400nm t o  700nm; 
the  nearinfrared,  from 700nm t o  2600nm. 
Emittance (E) The emittance i s  the r a t i o  of the  thernal  
energy emitted per u n i t  area and time by a r e a l  
surface a t  a temperature T t o  t h a t  of a black- 
boJy a t  the  same temperature. Spectral  emittance 
i s  defined s imi lar ly  except t h a t  it r e f e r s  t o  a 
spec i f i c  wavelength o r  ~ a v e l e n g t h  in te rva l .  
As t ro rmica l  
Unit (A.U.) 
The nomkal dis tance from th2 sun t o  the  e a r t h ' s  
o r b i t  about the sun i s  termed one astrcnomical a n i t .  
Reflectance Reflectance i s  defined as  the  r a t i o  of energy 
ref lec ted  by a surface t o  t h a t  incident on i t .  
Spectral  The term "spectral" i s  a qualifying one which 
r e f e r s  t o  a par t ic - l la r  wavelength o r  wavelength 
in te r -~a1 .  
This term r e f e r s  t o  the propert ies  of a surface 
(or rad ia t ion  source) a s  determined on a 
hemispheri-cal ( 2  r) bas is .  
Diffuse 
RF]SROT! i!C !l 
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REDUCTION OF SPECTRAL REFLECTANCE DATA TO SOLAR ABSORPTANCE 
WORK SHEET 
Date 2/23/72 
Center Wavelength ( M I  
I n i t j a l  --- 1200 ESH 
Center Wavelength (P 
I n i t i a l  1200 ESH 
--
-700 g2-0  86.0 - 
1.043 
1.085 
1.130 
1.180 
1.240 
1.300 
1.380 
1.470 
I 
: 1.580 
; 1.710 
1.900 
1 2.160 
2.620 
I Totals  
Calculations: 
% a ( I n i t i a l '  = 100.00- 1863.3 + 1593.2 
S -- 
so 
= 100- 77.13 = 22.87 
a ( l n i t i a l )  - 0.2287 
S 
Calculations: 
A MODEL FOR ENVIRONMENT-INDUCED DEGRADATION OF S O W  ABSORPTANCE 
We noted previously t h a t  zinc o r tho t i t ana te  a s  a competitive 
pa in t  system must possess an i n i t i a l  as /€  r a t i o  of 0.1 o r  less, 
5 
and t h a t  t h i s  r a t i o  must not degrade by more thanFu1;.02 i n  10 ESH. 
This objective i s  based s t r i c t l y  on W exposure, but from the  re -  
s u l t s  obtained i n  t h i s  program we can expect Las not  t o  exceed ~ 0 . 0 3  i n  
5 a combined environment of 10 ESH and t h e  equivalent f luence of 
charged pa r t i c l e s .  Experience permits c e r t a i n  q u a l i t a t i v e  projec- 1: 
t ions  based on the typ ica l  behavior of as vs ESH (or time); very 
generally 
haS = (bas), [l-exp (-k. ESH)] , (1) 
where 
(has)_ i s  the  ult imatr environment-induced Aa,; 
k i s  a constant;  and I 
ESH i s  t o t a l  W exposure. r 
This formula r e f l e c t s  the almost universal  behavior of many A 
TC mater ials :  the r a t e  of op t i ca l  damage decreases with increasing 
exposure. This behavior i s  well  grounded and understood i n  theory. i 4. ; 
Very simply it r e s u l t s  from the condition t h a t  i n  a ur.i', volume of 
mater ial  (pigmerit, binder o r  both) there  i s  an " i n i t i a l "  concentra- 
t ion  of defects  which can be converted t o  "color centers ,"  i . e . ,  
ac t ive  op t i ca l  defec ts ,  by in terac t ion  with i n c i d e ~  radia t ion .  I f  
t h  i the  o r ' g i n a l  concentration of defects  of the i t j -  , e . g . ,  i s  Co, 
then the concentration a t  any time thereaf te r  w i l l  depend upon 
t h  
radia t ion  in tens i ty ,  I ,  the instantaneous concentration of i type 
1 : 
defec ts ,  c i ,  and the quantum ef f ic iency,  v.  Thus, the  instantaneous 
r a t e  of disappearance of ci potent ia l  defects  is 
Rearranging under in teg ra l  signs gives 
0 
I I T  R E S E A R C H  
I 
6 which, upon integration, becomee 
5 j a In $- = -Ivt 
r ?  Co 
In exponential form this is 
F 
F 
f :  ci - c; exp(-Ivt) ( 5 )  
t % I.. Our original assumption was that ci is the concentration of 
i ;  "potential" defects. The concentration of converted (or actual) 
i ~ 
J - 
defects is some integral or half-integral multiple of the differ- 
> 
i( 
F ence between intiial and instantaneous concentrations. The in- 
? 
i '  
. - 
duced reflectance optical density D is then k- (c; - ci) . Making 
L this substitution in the last equation above then gives 
This analysis can be greatly expanded and sophisticated, but eq. 
b quite capably indicates the nature of the time rate of degrada- 
tion of photon-irradiated materials. Comparing it to the relation- 
ship suggested pragmatically (i.e., eq. I), we note that the two 
are remarkably alike. Assuming that Aas relates mathematically 
to k(c; - ci) and (bas), to kc:, we can see that they are nearly 
identical. Eq. 1 is a form of the reciprocity equation so fre- 
quently used in early spacecraft R d  efforts to extrapolate lab- 
oratory irradiation data. 
There must be a means of translating engineering requirements, 
expressed in terms of maximum Aa, after exposure to a specified 
environment, to materials science requirements, expressed in the 
language of solid state physics. In such a translaticn not only 
is the magnitude of an induced spectral reflectance change important 
but also its spectral location, shape and width compared to the 
solar intensity spectrum. Specific requirements on as and especLally 
on Aas essentially become constraints on the growth of individual 
environment-induced absorption bands. A more detailed devel~pment 
of a model to predict /!as vs space exposure parameters is given by 
Gilligan and Rrzuskiewicz in IITRI Report KO. C6166-12 (cf NASA 
No. CR 66917), Nov. 1969. 
APPENDIX I11 I * ' -  
OUTGASSING CONTAMINATION PARAMETERS 
The outgassing po ten t i a l  of TC surfaces must be maintained 
a t  a p rac t i ca l  minimum, even i f  t h i s  requires  processing t k e i r  
comporents. The most common method f o r  determiniilg gross out- 
gassing cha rac te r i s t i c s  i s  the so-called "SRI Method" ( re f .  5 . 1 ) .  
In  t h i s  method the  t o t a l  weight - - l o s s  (TWL) of a sample i s  deter-  
mined a s  a percentage of the sample's i n i t i a l  weight a f t e r  ex- 
posure i n  vacuum a t  125O~ f o r  24 hr .  In  the same t e s t  the weight 
gain of a co l l ec to r  maintained a t  25 '~  i s  a l s o  determined and 
compared t o  the o r ig ina l  t e s t  sample weight. The r a t i o  i n  per- 
centage u n i t s  i s  the "CVCM" - - col lected v o l a t i l e  - - condensable 
mater ial .  - The c r i t e r i a  for  acceptable performance i n  t h i s  method 
a r e  : 
TWL - < 1.0% 
CVCM - < 0.1% 
Even though the temperature parameters of the  method and 
the minimum acceptable performance c r i t e r i a  a re  somewhat a rb i -  
t r a r y ,  they tend t o  r e l a t e  t o  the long term weight loss  of a 
coating. The choice of T = 25O~ as  the col lec tor  temperature i n  
many spacecraft  applicatiorls i s  high. and thus conservative. The 
CVCM, however, involves much more complex considerat ions 
water content of v o l a t i l e s ,  s t ick ing  coeff ic ients  (and t h e i r  
temperature dependence), volatilization conditions,  and many others .  
The hpor tance  of understanding outgassing data  cannot be 
overstressed. A s  an example, extensive t e s t s  of S-i3G and S-13GlLO 
standard formulations indicate  t h a t  the TWL cons is t s  of approximately 
50% H20 (not CVCM) The va ter  content of the TWL represents  a 
very important consideration t o  a designer concerned about the 
contamination e f f e c t s  resul t ing  trom condensation of v o l a t i l e  
components . 
The outgassing rate of a material depends upon several 
factors: vaporization energy, the external pressure (actually 
I -* 
the molecular meari free path), the instantaneous concentration 
rS and the spatial distribution of each volatile species within the 
- . material, the material's bulk temperature and the temperature 
distribution within the material. With respect to the basic 
material there are three types of species which constitute the 
TWL: absorbed species, adsorbed species and chemical fragments. 
Absorbed species consist primarily of solvents, solvency pro- ' 
moters and other "thinner" or "solvent" components which may 
become absorbed or entrapped in the dry paint film in the curing 
process. Additives, used by original manufacturers for pro- 
cessing aids or property adjustments are also included. Finally 
there are the basic species comprising the binder (after cure), 
and, of course, the various impurities in all of these ingredients. 
The TWL of most organic and silicone based paint systems consists 
of all three species; but the CVCM consists almost entirely of 
the latter two. 
The requirements which the weight loss criteria impose upon 
zinc orthotitanate paint systems have not been addressed in detail 
in this program. However, mch of what we know about silicones, 
especially methyl silicones (RTV602 and OI-650), can be extended 
to provide considerable insight into the prevention or mitigation 
of silicone outgassing. It is essential to identify the various 
volatile species, their relative conczntrations in the cured dry- 
film paint coatings, and the vaporization parameters, primarily 
AHA. From such data we can determine optimum processing parameters 
for devolatilization of c-ts, provide data for direct use in 
computerized contamination prediction programs, and assess the feas- 
ibility of thermal devolatilization procedures following the ap- 
plication of the paint coatings. A vacuum bake-out of S-13G at 
250°C/24 hrs, for instance, significantly reduces its mL and 
CVCM; the same treatment for S-13G/Ia0 is far Less effective be- 
cause of its already low outgassing potential. 
APPENDIX I V  
SPACE CITARGE ACCIMULATION (SCA) AND COATING 
ELECTRICAL CONDUCTIVITY 
The obvious so lu t i on  t o  t he  - Space - Charge Acc~mulat ion - (SCA) 
problem i n  sur face  coat ings  i s  e i t h e r  t o  increase  ;he e l e c t r i c a l  
conduct iv i ty  of  su r f ace  coat ings  o r  t o  improvise e l e c t r i c a l  paths  
from t h e  su r f ace  coat ings  t o  t he  spacec ra f t  e l e c t r i c a l  ground, o r  
both. Other than t h i s  s ta tement ,  t h e r e  e x i s t  few general  guide- 
l i n e s  f o r  t h e  e l e c t r i c a l  conduct iv i ty  of  low a s / r  coa t ings .  Sllch 
coat ings  possess conduct iv i ty  values  c h a r a c t e r i s t i c  of d i e l e c t r i c  
m - t e r i a l s .  E l e c t r i c a l  conduct iv i ty  w i l l  t y p i c a l l y  be i n  the  range 
l o - '  3-10-' mho/cm2. 
I n  some ins tances  i t  i s  pos s ib l e  t o  g r e a t l y  increase  these  
values by the  add i t ion  of metal flakeslpowders ( e . g .  non- leaf ing 
Al ) .  The success of t h i s  a?,proach, however, depends very s t rong ly  
or. the  binder .  
Most b inders ,  including methyl s i l i c o n e s ,  w i l l  ws t ,  and thus 
e l e c t r i c a l l y  i s o l a t e ,  the  f l akes  s u f f i c i e n t l y  t o  preclude any sub- 
s t a n t i a l  inc rease  i n  e l e c t r i c a l  conduc t iv i ty .  
Methyl s i l i c o n e  based z inc  o r t h o t i t a n a t e  p a i n t s  w i l l ,  without  
any metal add i t i ve ,  possess e l e c t r i c a l  r e s i s t i v i t i . 2 ~  equivalent  
to  an e l e c t r i c a l  i n s u l a t o r  - i . e . ,  of the  order  of 1 0 ' "  ohms per 
square .  
